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Thesis at a glance

Project Aim Material & Results Conclusion
Method

Paper I: To evaluate a 3D and 2D MRI Most of the A 3D sequence can
Visualization of | 3D sequence of the wrist was evaluated replace 2D
wrist ligaments | optimized for performed on 18 | ligament sequences in the
with 3D and 2D | wrist ligament volunteers. components assessment of wrist
magnetic visualization were better ligaments at 3T
resonance compared to visualized using MRI.
imaging at 3 clinical routine a 3D sequence
Tesla 2D sequences at compared to 2D

3T MR. sequences.
Paper II: To investigate if | 7T and 3T MRI All evaluated In the absence of

Visualization of
wrist anatomy

anatomically
important

of the wrist was
performed on 18

structures were
better visualized

pathology, MRI at
7T is superior to 3T

—a comparison | structures of the | volunteers. at 7T than 3T in visualization of

between 7T wrist are better MRI. wrist ligaments,

and 3T MRI visualized at 7T cartilage, trabecular
compared to 3T bone, nerves and
MRI. tendons.

Paper lll: MRI Comparison of Prior to No statistically When wrist

of wrist MRI at 7T and arthroscopy, 7T significant ligament injury is

ligament 3T in suspected and 3T MRI of difference was suspected, MRI at

trauma was
similar at 7T
and 3T with
arthroscopy as
a reference
standard

ligament injury,
with wrist
arthroscopy as a
reference
standard.

the wrist was
performed on 24
patients with
suspected wrist
ligament injury.

found between
MRI at 7T and
3T in the
evaluation of
suspected wrist
ligament injury.

7T was not superior
to MRI at 3T.
However, a majority
of injuries were
found with MRI at
both field strenghts.
MRI is a valuable
complementray tool
to wrist
arthroscopy.

Paper IV: Graft
integrity after
scapholunate
ligament
reconstruction
with tenodesis
— improved
diagnosis
using 3D 3T
magnetic
resonance
imaging

To assess the
utility of 3T MRI
for evaluating
long-term graft
integrity after
SLL
reconstruction.

Clinical
examination and
MRI was
performed on 13
patients 4-13
years after
surgery.

Only one of the
grafts was intact
on MRI. A
majority of
patients showed
improvent in
function after
surgery.

Using MR in follow-
up studies after
SLL reconstruction
adds valuable
information
regarding graft
integrity.
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Populérvetenskaplig sammanfattning

Handleden bestar av ett stort antal ben, forbundna med ett komplext system av
ligament som skapar stabilitet och som mojliggér avancerade rorelser och
funktioner. Ligamentskador i handleden 4r vanliga, och drabbar ofta unga, aktiva
personer. Skador pd handledens ligament kan fa forodande konsekvenser med
inskrankt funktion, instabilitet och smérta. Sekundéra progredierande degenerativa
fordndringar kan ytterligare forvdarra symptomen. Utdver att skadan paverkar
livskvaliteten finns det en markant samhillsekonomisk effekt, di flertalet &r
beroende av sina handleder i yrkeslivet.

Det finns manga olika metoder for att laga eller rekonstruera skadade ledband i
handleden. Vissa av dessa metoder anvéinder patientens egna senor som flyttas for
att fungera som ligament.

Historiskt har olika metoder anvénts for att avbilda handleden i syfte att pa ett
tillforlitligt sdtt diagnostisera ligamentskador som kan krdva handkirurgisk
behandling. Postoperativ uppfoljning efter rekonstruktion av handledsligament
baseras vanligen pa klinisk undersokning i kombination med konventionell rontgen,
medan magnetkameraundersokning séllan ingér i den rutinméssiga utvirderingen.

Hittills har radiologiska tekniker i hog grad bedomts som otillrdckliga for att
diagnosticera eller utesluta ligamentskador i handleden, och referensstandarden for
diagnostik av dessa skador &r titthdlsoperation. En bildgivande teknik som inte
innebdr en operation hade varit en stor fordel for patienterna och dven for sjukvéarden
d& resurserna i sédana fall skulle kunna frigoras till fordel for terapeutiska
titthalsoperationer.

I denna avhandlings forsta tva delarbeten undersoktes friska forsokspersoner, for
bedomning av hur bra man kan se handledsligament med magnetkamera vid
féltstyrkorna 7 och 3 Tesla. Det forsta delarbetet visade att 3D-teknik gor det léttare
att se handledsligament vid 3 Tesla. I det andra delarbetet konkluderades att man
ser handledsligament, savil som brosk, ben, senor och nerver béttre vid 7 Tesla
jamfort med 3 Tesla. I avhandlingens tredje delarbete undersoktes patienter med
misstdnkt handledsligamentskada med MR-undersékning vid 7 och 3 Tesla, och
fynden jamfordes sedan med vad man sdg nar man gjorde titthalsoperation. Ingen
sdker skillnad i diagnostisk sdkerhet fanns mellan MR-undersokning vid de bada
faltstyrkorna. I avhandlingens fjarde delarbete utfordes uppfoljning flera ar efter
rekonstruktion av det viktigaste handledsligamentet, med klinisk undersdokning och
MR. MR visade att rekonstruktionen hade gétt sonder i nistan alla patienterna, trots
generellt gott kliniskt utfall.
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Introduction

Background and aim of thesis

The wrist serves as the connection between the forearm and the hand, comprising
the distal ends of radius and ulna and the eight carpal bones'. These bones are
connected by a complex network of ligaments and other soft tissues. The wrist is of
central importance for many of our daily activities, and is considered the most
complex joint of the human body?. This level of complexity and functionality comes
with a high risk of injury®. According to some studies, wrist injuries accounts for
2.5% of visits to the emergency department®, and they are even more common in
athletes, where wrist and hand injuries constitute up to 25% of all athletic injuries’.

In wrist trauma, the most common mechanism is a fall on an outstretched hand,
forcing the wrist into hyperextension®. In the acute setting, diagnostic attention is
usually mostly focused on fractures, and a possible concomitant or isolated ligament
injury carries a substantial risk of being left unattended. Traumatic wrist ligament
injury is usually suspected when pain and/or instability is experienced in the
aftermath of wrist trauma’. Untreated, a wrist ligament injury can lead to articular
degeneration, with development of osteoarthritis and limitation of wrist
functionality®®. Clinical assessment of wrist ligaments is difficult due to the
complex anatomy of the wrist and the small size of the ligaments'®.

The current reference standard for diagnosing wrist ligament injury is
arthroscopy''""'>. However, it is a technically demanding procedure, and some areas
of the wrist are unavailable for inspection using this technique. Furthermore, it is an
invasive method which always comes with risk of complications. For wrist
arthroscopy, a systematic review found a complication rate of 4.7%'®. Reported
complications include equipment failure, injury to tendons, nerves and arteries'®, as
well as the general risk of infection and complications due to anesthesia. Wrist
arthroscopy also carries a vastly larger cost than wrist MRI". It should also be noted
that diagnostic wrist arthroscopy, in nonspecific wrist pain, has been shown to be of
limited diagnostic value'®.

Several imaging techniques are used in the diagnostic work-up when wrist
ligament injury is suspected, e.g. radiography, dynamic radiography with video
acquisition, conventional arthrography, CT and MRI, and CT arthrography (CTA)
and MR arthrography (MRA). Unfortunately, these techniques often fail to yield
reliable and comprehensive results, and therefore arthroscopy is still considered the
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best diagnostic method'’. An imaging modality that offers diagnostic accuracy
comparable to wrist arthroscopy would hold significant clinical value. Such a tool
could limit the use of arthroscopy to therapeutic purposes, thereby reducing the need
for diagnostic invasive procedures, conserving operative resources, and potentially
lowering healthcare costs.

In follow-up after reconstructive surgery of the scapholunate ligament (SLL),
clinical evaluation and radiographs, and not MRI, are commonly used. Despite a
good clinical outcome, malalignment of the scaphoid and the lunate is often seen on
radiographs'®.

In contrast to larger joints, the application of MRI in the assessment of wrist
ligament injuries has been limited, largely due to the wrist’s small size and intricate
anatomical structures'’. With the acquisition of an ultra-high field MRI system (7
Tesla (T)) at Lund University Hospital, the idea for this thesis took form. The overall
aims were to investigate (1) if using a 3D sequence at 3T could improve the
visualization of wrist ligament structures compared to conventional 2D sequences,
(2) compare the visualization of anatomical structures in the wrist between 7T and
3T MRI, (3) compare the diagnostic accuracy in suspected injury to the triangular
fibrocartilage complex and the scapholunate ligament between 7T and 3T MRI
using wrist arthroscopy as a reference standard, and (4) investigate the potential role
of MRI in the follow-up of tendon grafts replacing the scapholunate ligament.

Anatomy of the wrist

Figure 1 shows the bones of the wrist - eight carpal bones and the distal ends of
radius and ulna. Carpus can be divided into a proximal and a distal row, with the
scaphoid, lunate, triquetrum and pisiform in the proximal row, and the trapezium,
trapezoid, capitate, and hamate in the distal row. As demonstrated in Figure 1, the
bones fit snugly together, which contributes to both stability and mobility.

The wrist is stabilized by a large number of ligaments, and the complex
interconnections between them complicate classification and nomenclature*?’,
Broadly, they can be divided into extrinsic and intrinsic ligaments, where the
extrinsic ligaments connect the distal radius and ulna to the carpal bones, and the
intrinsic ligaments create connections between carpal bones'. No extensor or flexor
tendons attach to the carpal bones, but they contribute to stability and mobility. A
simplified overview of dorsal and volar wrist ligaments can be seen in Figure 2.

The wrist can be bent forward (flexion), backward (extension), towards the thumb
(radial deviation) and toward the little finger (ulnar deviation). In addition, the hand
and forearm can be supinated and pronated, a movement that is made possible by
the interaction between the proximal and distal radioulnar joints and several
ligaments in the elbow, forearm and wrist.
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Canpometacarpal joint

Carpal bones

Figure 1. A 3D illustration of the wrist bones. Image credit: Wikimedia Commons. Author:
https://www_.scientificanimations.com, Creative Commons Attribution-Share Alike 4.0 International license.

Distal radio-ulnar D'-s;?j g.; ﬁ:&;’imr
articulation
Wrist-joint

Intercarpal articulations

-Prsohamate ligamen!
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articulations 7 :
U

Figure 2. lllustrations of dorsal (left) and volar (right) wrist ligaments. Image credit: Wikimedia
Commons. Source: Gray’'s Anatomy (20" edition). Author: Henry Gray. lllustrator: Henry Vandyke
Carter.

The TFCC

The components of the triangular fibrocartilage complex (TFCC) make out the most
important stabilizers of the distal radioulnar joint*'. The distal radioulnar joint
together with the proximal radioulnar joint facilitate rotation of the forearm in
synchrony with the complex movements of the hand*’. The anatomical shape of the
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distal radioulnar joint makes it intrinsically unstable, necessitating soft tissue
stabilizers. The TFCC consist of several interconnected parts’ (Figure 3 and Figure
4). The dorsal and volar distal radioulnar ligaments connect the distal radius to the
ulnar styloid and the ulnar fossa. Between these ligaments is a structure made up of
densely packed collagen, called the central articular disk. The ulnolunate and the
ulnotriquetral ligaments are also considered part of the complex. They extend
between the volar radioulnar ligament and the volar surface of the lunatum and
triquetrum, respectively. Finally, the extensor carpi ulnaris tendon and its subsheath
and a synovial structure called the ulnomeniscal homologue (not included in Figure
3 or Figure 4), located between the ulnar part of the TFCC and the triquetrum, make
up the last parts of the complex.

The SLL and LTL

The intrinsic ligaments connecting the bones of the first carpal row are appropriately
named the scapholunate ligament (SLL) and the lunotriquetral ligament (LTL) after
the bones they connect. They are sometimes referred to as the scapholunate
interosseous ligament (SLIL) and the Iunotriquetral interosseous ligament (LTIL).
They both have a shape similar to a horse shoe*?* (Figure 3), and consist of a dorsal
and a volar part, connected proximally by fibrocartilaginous tissue®. In the SLL,
the dorsal part is the thickest, and biomechanically strongest. On the other hand, the
LTL is thicker in and thus stronger in its volar part **. A partial tear of either ligament
may result in instability**?®. A complete tear of the SLL may cause complete carpal
collapse®.

18



Figure 3. The distal radius and ulna as well as the bones of the proximal carpal row; the scaphoid,
lunate and triquetrum. The articular disc (double arrows) is surrounded by the dorsal and volar
radiulnar ligaments forming the TFCC. In the top left corner, a sagittal cross-section of the
scapholunate ligament is shown, with its thicker dorsal (green; arrow), mostly fibrocartilaginous
proximal (purple) and thinner palmar (blue; arrowhead) parts. Artist: Frida Nilsson. Courtesy of Acta
Radiologica. 2021, SAGE publications.

v

Figure 4. A coronal cross-section of the TFCC, with its radial (dark blue; arrowhead), ulnar styloid
(purple; arrows) and ulnar foveal (turquoise; arrow) attachments. Artist: Frida Nilsson. Courtesy of Acta
Radiologica. 2021, SAGE publications.
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Classification of carpal ligament injury.

The Palmer classification

The most commonly used classification system for TFCC injury is the one
developed by Palmer, published in 1989%7. The classification, which is based on
wrist arthroscopy findings, includes both traumatic (type 1) and degenerative (type
2) injuries. Only the classification of traumatic injury will be presented here (Table
1). According to Palmer, a type 1A injury is a central tear of the articular disk. Type
1B is a tear through the radioulnar ligament at its attachment to the ulna. Type 1C
is a tear through the ulnolunate and/or ulnotriquetral ligament. Type 1D is a tear
though the radioulnar ligament at its attachment to the radius. Notably, the
classification does not include tears at the dorsal or volar radioulnar ligaments®®.
Furthermore, it does not differentiate between tears at the foveal and the styloid
attachments under type 1B**%°. There is also no differentiation between complete
and partial tears. Updated or alternative versions of the Palmer classification have
been proposed to alleviate these shortcomings®®*’.

Table 1. The Palmer classification of traumatic injury to the TFCC.

Traumatic injury, type: Description

1A Central perforation

1B Ulnar avulsion, with or without concomitant ulnar styloid
fracture

1C Distal avulsion, involving the ulnolunar and/or
ulnotriquetral ligaments

1D Radial avulsion, with or without concomitant radius
fracture

TFCC, triangular fibrocartilage complex.

The Geissler classification

For the interosseous ligaments SLL and LTL, the classification developed by
Geissler’' is most commonly applied in arthroscopic practice. The tears are graded
as [-IV. The most common serious intercarpal ligament injury is, by far, injury to
the SLL. Injuries to the LTL are much less common. The following description is
therefore based on a SLL injury. A grade I tear shows no incongruence of carpal
alignment, but attenuation or haemorrhage of the ligament is seen from the
radiocarpal space. The ligament loses its concave appearance and bulges. In grade
I1, attenuation or haemorrhage of the ligament can also be seen from the radiocarpal
space, but there is additionally an incongruence of carpal alignment, with a slight
step-off between the carpal bones when viewed arthroscopically from the mid-
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carpal space. Grade I1I demonstrates a wider gap between the carpal bones, visible
from the mid-carpal as well as the radiocarpal space. It is possible to pass through
the gap with a small joint probe, but not with a 2.7 mm arthroscope. In grade IV, the
gap between the scaphoid and lunate is wide enough to pass through with a 2.7 mm
arthroscope.

Comments

The interosseous ligaments may be torn in different ways, which governs how they
are repaired. In cases where there are repairable ligament remnants on both sides of
the joint, the ligament can be stabilized with a arthroscopic technique according to
Mathouline*?. Some injury types require a combined approach, where the operation
partially is done arthroscopically and partially as open surgery. To differentiate
between SLL lesions that may benefit from different surgical approaches,
Andersson et al. proposed a new classification of dorsal SLL ruptures®.
Differentiation was made between avulsion of the ligament from the scaphoid (type
1A) and the lunate (type 2A), avulsion fracture from the scaphoid (type 1B) and the
lunate (type 2B), rupture through the middle of the ligament (type 3), and partial
tear with elongation of the most distal fibres (type 4).

Translating wrist ligament injuries to findings at MRI can be challenging. For
example, a TFCC tear at the ulnar styloid is often found to be covered by synovitis
at arthroscopy, requiring synovectomy to be visualized®®. Synovitis result in a signal
pattern on MRI that can be difficult to differentiate from an actual tear. If a tear of
the SLL is not accompanied by a widening of the scapholunate space, it can be
difficult to clearly delineate it using MRI due to its small size.

Wrist arthroscopy

Wrist arthroscopy has its foundations in Japan, where the technologies that underpin
modern wrist arthroscopy were developed over a century ago, by Kenji Takagi and
Masaki Watanabe®. Advancement of the technologies slowly followed, and in the
1980s, they were adapted and translated for safe and standardized use in the wrist
joint by Terry Whipple (USA), Gary Poehling (USA) and James Roth (Canada).

In modern wrist arthroscopy, the wrist is placed under traction using a traction
device, and a tourniquet is usually utilized for hemostasis**. Portals are made to
access and evaluate the radiocarpal joint. Apart from inspection, stability tests of
the TFCC are performed using an arthroscopic hook and provocation tests. The
trampoline test evaluates TFCC compliance, or “bouncing”, by applying pressure
with a probe®®. The hook test evaluates the foveal insertion of the TFCC, which is
not visualized through standard portals. It is performed by placing a probe in the
prestyloid recess and applying traction radially. The test is positive if the TFCC can
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be lifted off the ulnar head®. If extensive scar tissue has developed, peripheral
TFCC tears may be difficult to diagnose using the hook test. Then, suction can be
induced using a shaver. If the test is positive, the suction reveals a loss of tension in
the TFCC?®. This technique can also be utilized to evaluate whether TFCC tension
has been restored after repair.

Through the portals, debridement and ligament repair can be performed after
diagnosis is made. Peripheral tears of the TFCC are repaired in different ways
depending on their severity. Small tears are sutured. Tears associated with distal
radioulnar joint instability require TFCC reattachment to the fovea. More advanced
lesions require reconstruction with tendon grafts or possibly arthroplasty®’*’. Radial
tears of the TFCC are less common, and it is recommended that non-operative
management should be exhausted before repair is considered, which usually can be
done using sutures®®.

The SLL can be repaired using sutures if ligament stumps remain attached to the
scaphoid and lunate bones®’. Reconstructive surgery of the SLL is discussed in the
next section.

As previously mentioned, diagnostic wrist arthroscopy comes with risk of
complications and is costly. New developments in the field may, in part, alleviate
these issues. A recent prospective study including 30 patients, using a much smaller
instrument; the NanoScope (Arthrex, Naples, FL), showing promising results'’.
Tears of the TFCC, the SLL, the LTL as well as combined tears were diagnosed.
No complications were observed, no anesthesia or tourniquet was needed, and the
cost of the procedure was much less than conventional diagnostic arthroscopy, but
not as low as the cost of wrist MRI. The technique is presented as an alternative to
MRI, and the study shows vastly improved sensitivity and specificity compared to
MRI. However, the reported sensitivity and specificity for MRI regarding ligament
tears, aggregated for TFCC, SLL and LTL tears, was 0.25 and 0.43. This is far lower
than the sensitivity and specificity found in most studies previously included in
systematic reviews of the subject'’*’, and in paper III of this thesis. The MRI
protocol used in the study is not presented, and not all MRI examinations were
evaluated by musculoskeletal radiologists. A fairer comparison is warranted
between these diagnostic techniques before reliable conclusions can be drawn.

Reconstructive surgery of the SLL

Intercarpal arthrodesis, a traditional treatment for SLL injuries, is associated with
loss of wrist motion, altered joint kinematics, and high nonunion rates, often
necessitating additional surgery*'. In the absence of arthritic changes and with
reducible carpal malalignment, reconstructive surgery aims to restore scapholunate
alignment, alleviate pain, and improve function. Soft-tissue reconstruction has
gained popularity due to its potential to preserve better intercarpal kinematics,
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although supporting motion data remain limited*?. Established reconstructive
options include capsulodesis®, tendon graft or bone-ligament-bone autografts***,
recreation of a bony or fibrous association between the bones with headless
compression screws*® and limited intercarpal fusion'’. Among these, tenodesis
procedures, which use a tendon graft woven across the scapholunate joint, may offer
superior multiplanar control of scaphoid motion compared to capsulodesis*®. One
such technique, the three-ligament tenodesis - a modification of the Brunelli
procedure® - reconstructs the dorsal SLL while augmenting the
scaphotrapeziotrapezoid and dorsal radiocarpal ligaments without tethering to the
distal radius®. However, reported outcomes of soft-tissue reconstruction vary
significantly**°".

The fourth paper in this thesis is a follow-up study after scapholunate ligament
reconstruction. The reconstructive method used was a tenodesis procedure, as
described by Corella et al.*?, using a graft from the flexor carpi radialis tendon.
Suitable candidates need to present with 1) a complete tear of the SLL, 2) easily
reducible instability and 3) clinical symptoms. The operation pertains five steps.
First, bone tunnels are drilled through the scaphoid and the lunate. Second, a suture
shaped like a lasso is introduced in the dorsal part of the joint, to prepare for
retrieving the graft. Third, an approximately 3 mm wide and 8-10 cm long graft
from the radial side of the flexor carpi radialis tendon is cut proximally. Distally,
the graft is not severed from the remaining tendon. In the fourth step, the graft is
passed from volar to dorsal through the scaphoid bone tunnel created in step 1, using
the lasso shaped suture. Following this the graft is passed through the lunate from
the dorsal to the volar side. Finally, the end of the graft is passed over the scaphoid
joint capsule and radio-scapho-capitate ligament and back to the bore hole in the
volar side of the scaphoid. The graft is then fixated using two interference screws,
located in the volar end of the scaphoid tunnel and in the dorsal end of the lunate
tunnel.

Corella et al. describe satisfactory clinical outcome after the procedure, with
improvement in grip strength, reduction of pain and preservation of mobility>>.
Other studies corroborate the finding of reduced pain and improved functionality
after reconstruction of the SLL with a tendon graft*®™,

Imaging methods

Due to its complex anatomy and small size, the wrist is challenging to depict using
imaging methods™. In evaluation of skeletal trauma, clinical examination is usually
complemented with radiographs (X-rays), which often suffice for diagnosis>. When
a fracture is suspected despite negative findings on radiographs, computed
tomography (CT) offers cross-sectional imaging and may reveal occult fractures™.
In select cases, preoperative CT may be helpful for surgical planning, even when
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fractures have already been diagnosed on radiographs®’. Soft tissues are barely
visible with x-ray, and cannot be evaluated in detail with CT, and MR imaging is
usually the modality of choice for evaluating soft tissue injuries>®. In some cases
MRI can also be helpful in the diagnosis of fractures”. Ultrasound is beneficial in
the evaluation of superficial structures, like peripheral nerves, tendons and ganglia,
and it has the added advantage of dynamic imaging>®. However, the incapacity of
ultrasound waves to penetrate bone makes evaluation of deeper tissues impossible.

Below follows a brief historical overview of X-ray and CT, including applications
in wrist imaging. Thereafter, MRI is described in greater detail, as that is the only
imaging modality utilized in the papers included in this thesis.

X-ray

Friday the 8" of November 1895 is considered the birthday of radiology; the day
that Wilhelm Conrad Rontgen (Figure 5) noticed a weak fluorescence on a
cardboard-screen covered with barium-platinocyanide while experimenting on the
absorption by different materials of radiation emitted from an electric gas discharge
tube. Further investigations confirmed that a new type of radiation had been
discovered, which he named “X-rays”®. His findings were published in 1896, and
he was awarded the first Nobel Prize for physics in 1901 for the discovery. The first
public X-ray image was the left hand of his wife Bertha (Figure 5).

Figure 5. The left hand of Bertha Réntgen; the first public X-ray image (left). Wilhelm Conrad Réntgen
(right). Image credit: Deutsches Réntgenmuseum (left) and Wikimedia Commons (right).
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Medical application of the new technique was practically instant, with
approximately 400 scientific papers on medical aspects of X-rays published in
1896, Since its inception, X-ray has been central in the detection of fractures.
However, when wrist ligament injury is suspected, X-ray can only provide indirect
signs, such as scapholunate disassociation®'. In addition, absence of indirect signs
does not rule out ligament injury®>. To better assess carpal ligaments, wrist
arthrography was introduced in 1961 by Kesseler and Silberman®, where contrast
medium is injected into different compartments of the wrist joint to detect and
characterize ligament tears®.

Computed tomography (CT)

The invention of CT imaging also resulted in a Nobel Prize, this time awarded to
Godfrey Hounsfield (Figure 6) in 1979. He got the brilliant idea of making a three-
dimensional depiction of the human body by creating a computer software that
combines the information from X-rays passing through the body from multiple
different angles®. The Nobel Prize was shared with Allan McLeod Cormack, who
developed the equations pertaining to CT scanning independently®.

Figure 6. Godfrey Hounsfield (left). The first CT scanner prototype developed by Godfrey Hounsfield in
1968 (right). Image credit: Wikimedia Commons. The right image is based on
https://upload.wikimedia.org/wikipedia/commons/3/39/RIMG0277.JPG and was digitally improved and
labeled by AlexGustschin, Creative Commons Attribution-Share Alike 4.0 International license.

Evaluation of soft tissues of the wrist, such as ligaments, is limited using CT®, and
similarly to X-ray, CT arthrography was developed to better assess these
structures®®®’. It has been described as an accurate method for detecting tears of the
SLL, the LTL, and central tears of the TFCC. However, the accuracy for detecting
peripheral tears of the TFCC is lower®®.
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Magnetic resonance imaging

The nuclear magnetic resonance (NMR) phenomenon was discovered by Isidor
Isaac Rabi in 1938, when he found that molecules emitted radio waves at specific
sequences when sent through a magnetic field®”. He was awarded the Nobel Prize
in physics in 1944 for the discovery. The first biomedical study using NMR was
published by two Swedish researchers, Erik Odeblad and Gunnar Lindstrém, in
1955. The characteristics of the NMR signal in calf cartilage was studied using a
primitive NMR instrument built by Lindstrom for his graduate research’’. Neither
Odeblad nor Lindstrom were awarded a Nobel Prize for their achievements.

Unlike the quick implementation of X-ray in the medical field, it took a long time
before the discovery of NMR led to utilization in medical imaging. The first MR
scanner built for imaging of the human body was produced in 1977, and a single
axial slice through the chest took 4 hours and 45 minutes®. In the early 1980s the
techniques had been improved, with much shorter acquisition times, and MRI
became a part of medical diagnostic imaging®.

A modern MRI system is usually cubical in shape, with a cylindrical opening in
the gantry, and the homogenous volume centred on the central axis. To achieve high
signal uniformity and low image distortion, the homogeneity of the basic magnetic
field over the examination volume needs to be as high as possible, which is achieved
by having this design’'. The system consists of an outermost superconducting
magnet, gradient coils, usually composed of stranded copper strips or copper plates
arranged along the inner surface of the magnet, and radiofrequency (RF) coils’. The
patient table is transferred into the cylindrical lumen in the gantry prior to, and
usually stays still throughout, the examination. Figure 7 and Figure 8 show the MR
scanners used in study I-11I of this thesis.
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Figure 7. The 3T MR scanner (Magnetom Vida Fit; Siemens Healthineers) used in study I-Ill of this
thesis. Image credit: Simon Goétestrand.

Figure 8. The 7T MR scanner (Achieva 7T; Philips) used in study II-lll of this thesis. Image credit: Simon
Gotestrand.
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The magnet generates a uniform magnetic field. The strength of the magnetic field
is measured in Tesla (T). In clinical practice, 1.5T and 3T are most used. Magnetic
fields of 4T and higher are called ultrahigh magnetic fields”.

There are three gradient coils built into the scanner. They create electromagnetic
fields in three directions perpendicular to each other when electric current flows
through them’*’*. This generates small variations in the uniform magnetic field that
are used to create image contrast and to determine where in the sample signal
originates.

There are two types of RF coils: a transmit coil and a receiver coil. The transmit
coil generates a radiofrequency pulse, creating a small magnetic field perpendicular
to the main magnetic field. The strength of this RF pulse determines how much the
magnetization is affected in the imaging object (patient). The oscillating magnetic
field that thereby emerges from the imaging object results in an induced electric
current in the receiver coil. This detected current is the MR signal’>’®. The MR
signal is digitized into data that then is transformed to reconstructed images’®.
Increasing the field strength increases the MR signal. There are many different RF
coil designs’’. In wrist imaging, a coil tailor made for this purpose is essential for
maximizing the signal to noise ratio’®. In the papers included in this thesis dedicated
wrist coils were used, developed for 3T and 7T, respectively.

The nuclei of hydrogen atoms are used for clinical MRI due to their abundance
in the human body and their strong magnetic moment. The spinning hydrogen nuclei
(protons) basically act like miniscule bar magnets, and they interact with the strong
and static magnetic field generated by the superconducting magnet. When the
transmit coil sends a RF pulse into the body, the spinning nuclei absorb energy and
flip out of the equilibrium position. This is called “excitation”. After the RF pulse,
the spinning nuclei gradually realign with the longitudinal magnetic field of the
superconducting magnet. This is called relaxation”, and the energy released during
this process causes the electric current in the receiver coil mentioned above. The
relaxation rate is different for each tissue type, and the relaxation time of a tissue
type is called its T1. Thus, the different MR signals originating from different tissues
in a T1-weighted image depend on this relaxation time of the tissues.

Apart from being affected by the longitudinal magnetic field of the MR scanner,
the magnetization of the excited spinning nuclei also affect each other, in the
transverse plane. The time it takes for equilibrium to be reached between the
spinning nuclei in a tissue is called its T2. Thus, in a T2-weighted image, the MR
signals originating from different tissues depend on the speed of this relaxation
time”.

The relative T1- and T2-weighting of an image depends on a sequence’s
repetition time (TR) and echo time (TE). TR is the time between RF pulses
transmitted, and TE is the time until the MR signals are measured in the transverse
plane. A long TE result in a high T2-weighting, as the tissues have time to generate
a lot of signal from gradual transverse relaxation. A short TR does not allow time
for complete longitudinal relaxation before the next RF pulse. Therefore, more
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signal is received from tissues with fast T1 relaxation than from tissues with slow
T1 relaxation, resulting in T1-weighting of the image. For example, fluid-filled
areas of the body, like synovial fluid in joints, have a short T2 and therefore generate
a lot of signal in a T2-weighted image. More aqueous tissues generally have longer
T1, and therefore lower signal on a T1-weighted image”’.

7T MRI

7T MRI systems have been manufactured for approximately two decades®. Thus
far, they have mostly been used for research, but since the first approval for clinical
use for neurological and musculoskeletal applications was given in 2017, this will
probably become more common. Advantages of using an ultrahigh magnetic field
are improved signal gain and a shortened scan time, or increased spatial resolution®,
or a compromise between these advantages. Increasing the field strength increases
the MR signal, making 7T very beneficial for high spatial resolution imaging, which
inherently has a low signal.

Some of the challenges of using an ultrahigh magnetic field are that RF
interference effects, such as central brightening, are more pronounced’>*?, and that
the higher radiofrequency energy transmitted causes a higher degree of tissue
heating®. These challenges are less pronounced in wrist imaging than in imaging of
most other parts of the body, as RF interference effects are limited by the small size
of the wrist®, and RF energy deposition is less marked in the extremities than in the
head and trunk®. Another challenge is that T1 increases at higher field strengths,
resulting in longer scan times in T1-weighted imaging™.

The gantry in a 7T MRI system is narrower than at lower field strengths, which
may cause discomfort to some patients. Dizziness, inconsistent movement, nausea,
metallic taste and headache are short term, subjectively experienced side effects
frequently reported from test subjects and patients after 7T MRI examinations®’.
However, these side effects have been shown to decrease over time when subjected
to repeated examinations at 7T

Magnetic resonance arthrography (MRA)

Just like with X-ray and CT, arthrography was developed for MRI. It can be
minimally invasive, with a contrast medium administered intravenously (indirect
MRA), or more invasive, with contrast medium injected into the radiocarpal joint,
(direct MRA)®. Direct MRA has the advantage of fully distending the joint space,
with contrast outlining ligament tears and passing through defects®’. Both direct and
indirect MRA have previously been shown to be superior to MRI in detecting wrist
ligament injuries'>***%_Henceforth, direct MRA will be referred to just as MRA,
as this is the technique meant when using the term. Using diagnostic arthroscopy as
a reference standard, a recent study found MRA to have a sensitivity of 0.81, a
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specificity of 1.0 and an accuracy of 0.96 in detecting peripheral TFCC lesions®’. The
study did not include enough SLL lesions for statistical analysis regarding this
structure. Regarding the SLL, a recent paper was published with the purpose of
establishing evidence-based consensus statements on imaging of scapholunate joint
instability by an expert group consisting of 27 musculoskeletal radiologists®. Among
the statements, MRA was deemed superior to MRI in providing diagnostic accuracy
in the assessment of SLL tears, and MRA (along with CTA) was stated as the
imaging methods providing the most accurate diagnosis of SLL Ilesions,
supplemented by dynamic studies, if essential®®. To further improve the visualization
of wrist ligament tears, axial traction during MRA has shown promising results’.
This technique also improves the visualization of articular cartilage.

Magnetic resonance arthrography was not evaluated in the papers included in this
thesis. The purpose was to evaluate completely non-invasive MR methods, i.e. using
3D-sequences and an increased field strength.

Developing MRI sequences

Developing a 3D sequence at 3T

The protocol used for 3T MR, in paper I-11I of this thesis, was the standard clinical
wrist protocol at Lund University Hospital, with the addition of a 3D sequence
developed by MR physicists Jimmy Léatt and Peter Mannfolk. This 3D sequence was
used as a template and an inspiration for creating a 3D sequence at Sahlgrenska
University Hospital that, in addition to the local clinical wrist protocol, was used for
paper IV of this thesis. During the development of the 3D sequence, the images were
continuously evaluated using a diagnostic radiological perspective, with
adjustments and fine tuning until images of satisfactory quality were achieved. The
main priority was, apart from generally high image quality, optimal delineation of
ligaments. To increase the signal-to-noise ratio (SNR), and thus achieving sharper
images, the field of view was increased to include a part of the forearm and most of
the hand (220x150 mm). This allows for a higher number of phase encoding steps,
which leads to a higher SNR. The downside is a longer scan time, which increases
the risk of motion artefacts. A maximal sequence duration of approximately seven
minutes was decided upon, to balance the gains from an increased SNR against the
risk of artefacts. As participant fatigue, and thereby the risk of motion artefacts
increases with scan duration, the 3D sequence was acquired first as it had the longest
acquisition time. The total wrist MR protocol should also have a reasonably short
acquisition time for feasible clinical application.

Different 3D sequences have previously been used and recommended for
visualization of wrist ligaments***>°. We chose a proton density (PD) weighted
turbo spin-echo (TSE) sequence with special modifications optimizing it for
isotropic 3D imaging. PD-weighted sequences are suitable for ligament imaging®’.
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As the name implies, tissues with a high density of protons give rise to the highest
signal in PD-weighted imaging. This is achieved by minimizing both T1-weighting
and T2-weighting, by having a long TR and a short TE. Ligaments, which contain
very little hydrogen, are seen as markedly black on this sequence. Spin echo
sequences have historically not been used in 3D imaging due to their unacceptably
long acquisition times and / or associated artefacts. However, through different
design strategies and optimization, acquisition times and artefacts have been
reduced”®. The name of the optimized 3D sequence depends on the manufacturer.
The MRI system used at our 3T system is made by Siemens, and their name for the
sequence is SPACE. The acronym “SPACE” stands for “Sampling Perfection with
Application optimized Contrasts using different flip angle Evolution”. The Philips
version of the sequence is called “Volume Isotropic Turbo spin echo Acquisition”,
with the catchy acronym “VISTA”, and General Electric calls their equivalent
sequence “CUBE” which is just a name, and not a creative acronym.

Developing sequences at 7T

When developing MR sequences at 7T, we had to start from scratch. Using the wrist
sequences at 3T as a template and inspiration, MR physicist Karin Markenroth built
the sequences, receiving immediate and continuous feedback from a radiologist’s
perspective. The initial work took a long time, with reliance on colleagues
(including ourselves) and other volunteers as test subjects. However, most
participants did not want to lay in the crammed and claustrophobic gantry of the
system for more than 30 minutes at a time. Because of the slow progress, the
approach was changed. Local butchers were contacted, and eventually one who
would contribute with the hind leg of a pig was found — naturally in the name of
scientific progress. The pork cut was placed in a plastic bag containing water, and
thus the perfect candidate for initial sequence optimization was in place. For the
final stretch, application specialist Fredy Visser in Utrecht was contacted, and he
joined in for a couple of days of fine tuning of the sequences. During this stage of
the optimization work, human volunteers were used yet again.

Previous findings

3D MRI of the wrist

3D imaging is increasingly utilized in musculoskeletal MR imaging. It can achieve
thinner contiguous slices than 2D sequences, provide improved spatial resolution
and allows for multiplanar reconstruction (MPR)”. It can also reduce scan time, as
one 3D sequence potentially can replace three 2D sequences in the coronal, axial
and sagittal plane.
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In a study including 69 patients with wrist pain, Park et al. found similar image
quality between a 3D sequence and 2D sequences in the depiction of the TFCC'®.
Rehnitz et al. concluded that a 3D sequence provided the highest image quality
regarding the TFCC and wrist ligaments in a study comparing different 2D and 3D
sequences, including 18 patients with wrist pain and 16 healthy volunteers®. A 3D
sequence was found superior to 2D sequences in imaging of the SLL in a study
including 10 healthy volunteers by Jung et al.'’".

MRI vs wrist arthroscopy

In recent years, two systematic reviews have been carried out to evaluate the
usefulness of MRI in in the evaluation of wrist ligament tears'’*’. Great variation
was found, but generally, diagnostic accuracy of MRI was found to be inferior to
wrist arthroscopy. The results from the studies included in the two systematic
reviews, published in 2015 and 2020 respectively, are summarized in Table 2. A
more detailed review of the findings is presented below.

The systematic review by Andersson et al. in 201517 found that negative results
of MRI cannot safely rule out clinically relevant tears to the TFCC or the SLL and
the LTL, and concluded that arthroscopy remains the preferred diagnostic technique
when it comes to wrist ligament injuries. A wide range of predictive values was
found in the included studies (PPV 71-100% and NPV 37-90% for the TFCC, PPV
25-100% and NPV 72-94% for the SLL, PPV 0-100% and NPV 74-95% for the
LTL). Only seven studies were included in the review, where six studies
investigated the TFCC, three investigated the SLL, two investigated the LTL and
one evaluated the performance of diagnosing partial SLL and LTL injuries. Kato et
al.'? found the sensitivity, specificity and accuracy of finding TFCC tears using 3D
versus 2D MRI as 1.0, 0.53 and 0.79 versus 0.83, 0.67 and 0.76. In the study by De
Smet et al.'®®| the sensitivity and specificity of MRI in suspected TFCC tears were
0.61 and 0.88. Manton et al.'™ investigated the sensitivity and specificity of MRI in
finding partial tears of the SLL and the LTL. The findings were reported separately
for two observers, with a sensitivity of 0.69 and 0.42 and a specificity of 0.32 and
0.81 for the SLL. For the LTL, the sensitivity was 0.36 and 0.25 and the specificity
was 0.68 and 0.84. Magee'® found the sensitivity of MRI in suspected tears of the
TFCC, SLL and LTL as 0.86, 0.89 and 0.82. The specificity was 1.0 for all three
structures. In suspected TFCC tear, Blazar et al.'” reported their findings separately
for two observers, with the sensitivity, specificity and accuracy of MRI as 0.86 vs
0.80, 0.96 vs 0.80, and 0.83 vs 0.61. Lastly, Morley'”’ found the lowest precision of
MRI in diagnostics of TFCC and SLL tears, with a sensitivity of 0.44 and 0.11, and
specificity of 0.87 and 0.30.

In 2020, Krastman et al. conducted a systematic review that included 16 studies
evaluating injuries to wrist ligaments*’. The TFCC and the SLL was investigated
in 12 studies and the LTL was investigated in eight studies. However, using
arthroscopy as the reference test and MRI as the index test, only five studies
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included an investigation of the TECC''*1%11%  four studies of the SLL3-10810%111
and three studies of the LTL*"'*!% The study conducted by Anderson et al.
included 102 patients presenting with ulnar-sided wrist pain'®®. It was retrospective
and found improvement of sensitivity, specificity and accuracy in suspected injury
of the TFCC, SLL and LTL at 3T compared to 1.5T MRI, but not matching those
of arthroscopy. Boer et al. could not confirm the superiority of MRI at 3T compared
to 1.5T in their retrospective study, including 150 patients presenting with wrist
pain, and arthroscopy was again found superior''®. Note that only the TFCC was
evaluated in this study. Prosser et al. found MRI findings of TFCC, SLL and LTL
injuries “moderately useful”, “mildly useful” and “not useful” respectively in their
retrospective study of 105 patients presenting with wrist pain'”. Pahwa et al. carried
out a prospective study including 16 patients with MRI performed prior to
arthroscopy™. The sensitivity of detecting tears of the TFCC, SLL and LTL with
MRI was 83.3%, 63% and 40% respectively. The study by Schmauss et al. included
a much larger number of patients (908), but the study was retrospective and limited
to suspected TFCC injury only''. The sensitivity and specificity for detection of
arthroscopically verified TFCC lesions was 76% and 41% respectively. Finally, the
sensitivity and specificity for SLL tears with MRI was 79% and 82% respectively

in the retrospective study by Greditzer et al., including 26 patients'''.
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Table 2. The sensitivity and specificity of MRI in suspected wrist ligament injury, using
arthroscopy as a reference standard, found in previous studies, as reported in two systematic
reviews. * The results are from two independent observers. T The results are from observations using
coronal and axial sequences respectively.

Author (year) Field Strength Structure Sensitivity (%) Specificity (%)
Kato et al.
(2000) 1.5T (3D) TFCC 100 53

1.5T (2D) TFCC 83 67
Manton et al. " *
(2001) 1.5T SLL 42 /69 32/81

1.5T LTL 25/ 36* 68/ 84*
Blazar et al. . * *
(2001) Not specified TFCC 80 /86 80/96
Morley (2001) 1.5T TFCC 44 87

1.5T SLL 11 30
De Smet et al. i
(2005) Not specified TFCC 61 88
Anderson et
al. (2008) 1.5T TFCC 82 69

3T TFCC 90 74

1.5T SLL 57 83

3T SLL 70 94

1.5T LTL 22 94

3T LTL 50 94
Magee (2009) 3T TFCC 86 100

3T SLL 89 100

3T LTL 82 100
Pahwa et al.
(2014) 1.5T TFCC 83 100

1.5T SLL 63 100

1.5T LTL 40 100
Schmauss et i
al. (2016) Not specified TFCC 76 41
Greditzer et al. T t
(2016) 1.5T SLL 65/79 69 /82
Boer et al.
(2018) 1.5T TFCC 71 75

3T TFCC 73 67

LTL, lunotriquetral ligament; SLL, scapholunate ligament; T, Tesla;, TFCC, triangular fibrocartilage
complex.
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Follow-up MRI after ligament reconstruction

Long-term follow-up studies using MRI to evaluate the status of grafts replacing the
SLL after reconstructive surgery have not been published prior to this thesis.
However, multiple follow-up studies using MRI have been published regarding
grafts replacing the anterior cruciate ligament of the knee''%.

Worldwide, anterior cruciate ligament reconstruction is one of the most
commonly performed orthopedic procedures'". The autograft is usually taken from
the patella or hamstring tendon. In a systematic review of studies evaluating biopsies
from anterior cruciate ligament reconstructions histologically, the graft is described
as going through a “ligamentization” process, where it gradually goes through
changes and eventually resembles a native anterior cruciate ligament''*. The stages
are simplified into an early-, remodelling- and a maturation stage. This maturation
can roughly be visualized and evaluated using MRI, as the graft gradually loses
signal as it matures, due to decreased water content''>''®. Apart from a visual
assessment, MRI evaluation is done by placing regions of interest (ROIs) in the
graft, wherein the mean signal intensity (SI) is measured''>"?!, and a signal ratio
using the posterior cruciate ligament as reference is usually obtained.

The SLL is much smaller than the anterior cruciate ligament, and it is uncertain
if SLL grafts are big enough to place ROIs in them to obtain reliable SI
measurements. This was attempted in the fourth paper of this thesis, as part of the
assessment of long-term graft integrity. Apart from directly evaluating the
reconstruction grafts, graft integrity was assessed by measuring the scapholunate
distance, the scapholunate angle, evaluating the bore canals though the scaphoid and
the lunate and assessment of degenerative changes. Potential osteolysis around the
screws fixating the tendon graft to the scaphoid and the lunate was also evaluated.
All patients included in the fourth study of this thesis had received bioabsorbable
interference screws, and osteolysis has previously been described as more common
around bioabsorbable screws than around nonabsorbable interference screws'*.

Radiography is the reference standard for measurements of the scapholunate
angle. Measurements using MRI may potentially be misleading, as a perfectly
neutral position of the wrist during the examination cannot be expected. However,
no difference between radiographs, MR and CT was found in a study comparing
measurements of the scapholunate angle between the three modalities'”. The
authors explain this by asserting that the position of the wrist does not affect the
positional relationship between the scaphoid and the lunate.
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A1ims

To investigate if visualization of wrist ligaments, and diagnostic accuracy in
suspected wrist ligament injury, can be improved with MRI by using a 3D sequence
and an ultra-high magnetic field (7T). Further, to investigate the potential role of
MRI in the follow-up after scapholunate complex reconstruction.

Paper I

The aim was to evaluate a 3D sequence optimized for wrist ligament visualization
compared to clinical routine 2D sequences at 3T MR.

Paper 11

The aim was to investigate if visualization of important structures of the wrist, most
importantly ligaments, could be improved by using ultra-high field MR (i.e. 7T)
compared to 3T MR.

Paper III

The aims were to investigate /) if the diagnostic accuracy is higher for 7T MRI than
3T MRI in suspected wrist ligament injury; and 2) if wrist ligament injury can be
ruled out with MRI at 7T or 3T using wrist arthroscopy as a reference standard.

Paper IV

The aim was to assess the utility of 3T MRI for evaluating long-term graft integrity
after reconstruction of the scapholunate ligament.
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Material & methods

Study population

The studies were carried out in accordance with the declaration of Helsinki. The
Regional Ethical Review board in Lund, Sweden, approved studies I-111 (2017/193).
The Swedish ethics review authority (Etiksprovningsmyndigheten) approved study
IV (2021-01114 and 2024-02747-01). Written informed consent was acquired
from all participants prior to participation.

For studies I and II, 18 healthy subjects were included in each study. The groups
consisted of nine female and nine male participants between 20 and 49 years of age,
with three female and three male subjects from each decade. Seven of the subjects
participated in both studies. In those cases, new MR examinations were performed
for the second study, and no images from study I were reused in study II. The right
wrist was always chosen for examination. Inclusion criterion for both studies was a
clinical hand and wrist examination without pathological findings, carried out by an
expert'?* hand surgeon. Exclusion criteria were subjective symptoms from the right
wrist that could indicate pathology, contraindications to MRI or not being able to
understand spoken or written instructions in Swedish.

In study I1I, 24 patients (18 years or older) were included. Inclusion criteria were
suspected wrist ligament injury by an expert hand surgeon and a scheduled wrist
arthroscopy. Exclusion criteria were contraindications to MRI or not being able to
understand spoken or written instructions in Swedish. Every patient that was found
suitable was contacted and asked if they wanted to participate.

In study IV, 13 patients who had received a SLL reconstruction 4-13 years before
were included. The age at the time of the MRI examination ranged between 30-62
years. The inclusion criterion was receiving a SLL reconstruction at least four years
prior to the follow-up. Exclusion criteria were contraindications to MRI or revision
surgery after the primary surgery.
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Recruiting participants

For the first two papers, the recruitment was not difficult. It turned out to be easy to
find 18 healthy test subjects willing to participate amongst colleagues at the
department of radiology. A clinical examination conducted by an expert hand
surgeon ascertained that no signs of wrist injury were present. The 7T and 3T MRI
scanners could be booked for a couple of days, and all examinations could be
conducted in a few batches.

The third paper proved vastly more difficult. The study participants should be
patients with wrist pain, and suspicion of TFCC and/or SLL injury should be raised
by a hand surgeon. A wrist arthroscopy should also be scheduled. The start of the
recruitment process coincided with the COVID-19 pandemic, which reduced the
number of elective wrist arthroscopies to near zero; wrist pain can be debilitating,
but diagnosis and treatment of ligament injury can usually wait. After the pandemic,
the waiting list for elective hand surgery was long, and a shortage of operating
nurses further delayed these operations. However, a close collaboration with the
operation coordinators at the department of hand surgery was established, and
contact was made every time arthroscopy was planned for a patient who could be a
potential participant. After making sure the inclusion criteria were fulfilled, the
patients were contacted and asked if they would like to participate in the study. Most
patients obliged, for which I am grateful. Thus began the quest to find examination
slots at both the 7T and 3T MRI scanners on the same day, before the arthroscopy
date. This was taxing, but almost always possible, thanks to the helpful staff at both
MR scanners and the MRI booking coordinators.

For the fourth study, 25 out of 44 patients participating in a follow-up study
investigating the clinical outcome after arthroscopic SLL reconstruction, conducted
at the department of hand surgery, Sahlgrenska University Hospital in Gothenburg,
were invited to participate in the study. Inclusion was done by a hand surgeon, and
13 patients accepted. Clinical examination was performed by a senior hand surgeon,
who also sent the referral for the MRI.

MRI protocols

In the first study, the 3T protocol included a 3D PD-weighted SPACE sequence
acquired in the coronal plane, 2D PD-weighted sequences acquired in three
orthogonal planes, with fat saturation in the coronal and sagittal, but not in the axial
plane, and a T1-weighted sequence acquired in the coronal plane. The acquisition
time for the 3D sequence was 7 minutes 5 seconds, and the total acquisition time for
all sequences was 23 minutes 33 seconds.

In the second and third study, the 3T protocol was the same as for the first study,
except that fat saturation was utilized for the 2D PD-weighted sequences in all
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planes. Similarly to the 3T protocol, the 7T protocol consisted of a 3D PD TSE
sequence acquired in the coronal plane, 2D PD-weighted sequences with fat
saturation acquired in three orthogonal planes, and a Tl-weighted sequence
acquired in the coronal plane. The acquisition time for the 3D sequence was 7
minutes 7 seconds, and the total acquisition time for all sequences was 20 minutes
18 seconds.

In the fourth study, the 3T protocol included a 3D PD-weighted SPAIR sequence,
a PD-weighted SPAIR TSE sequence and a T1-weighted TSE sequence, all acquired
in the coronal plane, a PD-weighted Dixon TSE sequence acquired in the axial
plane, and a PD-weighted TSE sequence acquired in the sagittal plane. The total
acquisition time was 16 minutes, 9 seconds.

Typical parameters for the three 3D sequences are presented in Table 3.

Table 3. Typical parameters for the 3D sequences.

3D PD SPACE 3D PD SPAIR 3D PD TSE
Paper =1 I\ -1
Field strength 3T 3T T
Repetition time (ms) 1.100 1.200 1.100
Echo time (ms) 39 115 110
Echo train length (ms) 29 19 22
Reconstructed voxel 0.5%0.5%0.5 0.4x0.4x0.4 0.24x0.24x0.24

dimensions (mm?®)
Aquisition time (min:sec) 7:05 4:48 7:07
3D, three-dimensional; PD, proton density; SPACE, sampling perfection with application optimized

contrasts using different flip angle evolution; SPAIR, spectral attenuated inversion recovery; TSE,
turobo spin-echo.

Number and choice of observers in radiology studies

In paper I, II and III of this thesis, four musculoskeletal radiologists with various
degrees of experience in musculoskeletal MRI and wrist diagnostics evaluated the
images separately. The same four radiologists were not used in the different studies.
Imaging studies should have multiple observers'”; it is vital for reliable and
generalizable findings, especially when the evaluated structure or structures are
known to be difficult to assess. The results of paper III signify this.

In the 12 studies included in two different systematic reviews mentioned
previously'"*, none had a number of observers exceeding three. Two of the
studies'"''” used findings of clinical MRI examinations as their data, and not new
observations. Three of the studies only had one observer'®*'?7'% ‘and it appears that
the observer in one of the studies was not a radiologist but a hand surgeon'”’. Four
studies had two observers'® %1% and three studies had three observers*'*>!!! In
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one of these studies'®, the three observers were hand surgeons, described as having

experience in assessing MR images. In 2023, a study by Heiss et al. was published
comparing image quality of 7T and 3T wrist MRI in 25 participants with chronic
wrist pain, with a control group consisting of 25 participants with no wrist pain'?,
Unusually, and impressively, seven observers were used, all of whom were
musculoskeletal radiologists.

The number of observers should be chosen based on the goals of the study and
should routinely be more than one'”. For generalizable results, several observers
are essential, and the experience should vary between the observers. The choice of
observers is also important — of the above-mentioned studies, the one with lowest
specificity of TFCC and SLL tears at MRI was a study with a hand surgeon as the
sole observer'”’. Contrarily, if the sole observer were the leading expert in the field
globally, the findings would most likely not be applicable to a realistic, clinical
setting.

VGC analyzer statistical software

The statistical software Visual grading characteristics (VGC) analyzer'*"'?* was
used to analyse data in the first three papers of this thesis. As this statistical method
is tailored for visual grading by multiple observers, but not commonly used, it
deserves a special mention and explanation.

In visual grading, the numbers obtained do not have a real numerical value, and
the span between the numbers is not fixed. Hence, these values must not be treated
as numbers mathematically or statistically. For the data to be correctly analysed, this
mandates a non-parametric, rank invariant method. In VGC analysis, the ratings for
two conditions are compared by producing a VGC curve. The curve is a plot of the
proportion of ratings above a threshold for a reference condition, against the same
proportion for a test condition. For example, the reference condition could be the
visualization of a ligament with MRI at 3T, and the test condition could be the
visualization of the same ligament with MRI at 7T. One observer might score the
reference condition as 2 and the test condition as 3, while another observer scored
the conditions as 3 (reference) and 4 (test). In a standard statistical analysis, this
would mean complete disagreement. However, with ordinal data, their change in
assessment is the same: one step higher score for the test condition.

The area under the curve is the measure of separation between the two conditions.
The value of the AUC is always between 0 and 1. If the AUC is above 0.5, the test
condition is better than the reference condition. If the AUC is exactly 0.5, there is
no measurable difference between the two conditions. If the AUC is lower than 0.5,
the reference condition is superior to the test condition. To determine the standard
deviation and a confidence interval, a bootstrapping resampling technique is used.
In statistical bootstrapping, a single data set is resampled to create numerous
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simulated samples'?’. To determine a p-value, a permutation resampling technique
is used, where the proportion of times a test statistic exceeds a permuted null
distribution is computed to test the null-hypothesis'*’. An example of a VGC curve
can be seen in Figure 9.

The receiver operating characteristic (ROC) analysis creates a curve similar to
that of the VGC analysis. However, unlike the VGC analysis, the ROC analysis
assumes independence between the two conditions it compares, which is not
applicable in visual grading of the same structures, using different sequences or field
strengths.

Area under the VGC curve: 0.764785
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Figure 9. An example of a VGC curve

The VGC curve based on the visual grading of the dorsal part of the SLL at 7T compared to 3T. The
AUC is 0.76 - well over 0.5, with a confidence interval 0.66 — 0.85 (p-value <0.0001). This means that
the dorsal part of the SLL was better visualized at 7T compared to 3T, and the finding is statistically
significant. AUC, area under the curve; SLL, scapholunate ligament; VGC, visual grading characteristic.
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Evaluating functional outcome

In the fourth paper of this thesis, long-term functional outcome after reconstructive
wrist ligament surgery was assessed by using two validated questionnaires, the
disability of the arm, shoulder and hand (DASH) and the patient-rated wrist
evaluation (PRWE) questionnaires. Both questionnaires were in Swedish and have
been validated in Sweden. The scores were compared with scores collected prior to
surgery. In the DASH questionnaire, the patient reports disability and symptoms by
attributing scores between 1-5 on a Likert scale, with a total of 30 questions'*.
Similarly, in the PRWE questionnaire, the patient reports difficulty in performing
various wrist functions and presence of pain by attributing scores between 0-10 on
a Likert scale, with a total of 15 questions'**. In both questionnaires, a high score
indicates a high level of disability.
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Results and Discussion

The following section is a summary of the findings with comments for each study.
A detailed description of the results from each study can be found in the actual
papers; part II of this thesis.

Paper I

In this study, visualization of separate components of the TFCC, the SLL and the
LTL was compared between a new 3D sequence, that had been optimized for wrist
ligament visualization, and the clinical routine wrist MRI protocol. Eighteen healthy
test subjects were included. The clinical routine protocol consisted of four 2D
sequences. Image evaluation was done individually by four musculoskeletal
radiologists, and the VGC Analyzer was used for statistical analysis.

Visualization of the dorsal and volar portions of the SLL and the LTL was
improved using a 3D sequence compared to 2D sequences. For the TFCC, there was
only a statistically significant difference in visualization of the foveal attachment,
with the 3D sequence being superior. Image quality was measured using three
parameters — edge sharpness, perceived tissue contrast and presence of artifacts. No
statistically significant difference was found between 3D and 2D imaging using
either of these parameters. Please note that Bonferroni correction for multiple
comparisons was used, and P < 0.005 was considered as statistically significant.
The results of the VGC analysis are shown in Table 4. MR images showing
comparison between visualization of the SLL using 3D and 2D are shown in Figure
10.
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Table 4. Visual grading characteristic analysis, comparing ratings between 3D and 2D imaging.

An AUC,qc of 0.5 indicates that the image quality on average is rated equally for the 3D sequence and
the 2D sequences. An AUCygc of >0.5 indicates that the image quality of the 3D sequence is superior.
An AUCyqc of <0.5 indicates that the image quality of the 2D sequence is superior. If there is a
statistically significant difference between ratings, the confidence interval does not contain 0.5. P
values in bold typeface indicate significant changes after Bonferroni correction.

VGC analysis AUCycc (95% CI) P value
TFCC, radial attachment 0.62 (0.39-0.83) 0.096
TFCC, ulnar styloid attachment 0.69 (0.51-0.83) 0.011
TFCC, foveal attachment 0.69 (0.53-0.84) 0.002
SLL dorsal portion 0.78 (0.64-0.91) 0.001
SLL palmar portion 0.82 (0.68-0.94) <0.001
LTL dorsal portion 0.93 (0.81-1.0) <0.001
LTL palmar portion 0.89 (0.75-0.98) <0.000001
Edge sharpness (image quality) 0.34 (0.17-0.52) 0.019
Perceived tissue contrast (image quality) 0.58 (0.29-0.87) 0.15
Artifacts (image quality) 0.65 (0.54-0.75) 0.018

AUC, area under the curve; Cl, confidence interval; LTL, lunotriquetral ligament; SLL, scapholunate
ligament; TFCC, triangular fibrocartilage complex; VGC, visual grading characteristic.
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Figure 10. Depiction of the SLL and LTL on 3D and 2D imaging. (a) A 0.5-mm thick axial section
from a 3D SPACE sequence, manually reformatted to allow visualization of the dorsal (arrow) and
palmar (arrowhead) part of the SLL as well as of the dorsal (arrows) and palmar (arrowheads) part of
the LTL. (b, c) A 2-mm thick axial 2D PD sequence offers visualization of the dorsal part of the SLL
(arrow in b). The palmar part of the SLL is shown sub-optimally (arrowhead in b), and the dorsal and
palmar part of the LTL are not well seen due to suboptimal alignment of the structures and the lack of
ability to perform MPR in a plane optimized for visualization of the ligaments. 2D, two-dimensional; 3D,
three-dimensional; L, lunate; LTL, lunotriquetral ligament; MPR, multiplanar reformations; PD, proton
density; S, scaphoid; SLL, scapholunate ligament; SPACE, sampling perfection with application
optimized contrasts using different flip angle evolution; T, triquetrum. Courtesy of Acta Radiologica.
2021, SAGE publications.
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The benefits of 3D imaging for visualization of the small, intrinsic SLL and LTL
was the most cogent finding. This is where the advantage of multiplanar reformation
of thin slices is most evident. It has previously been found that the SLL is best
viewed on axial sequences''!, but with 3D imaging, the radiologist does not have to
limit image evaluation to one plane. The finding that 3D imaging is advantageous
in imaging of the SLL corroborates the findings by Jung et al.'’".

The superiority of 3D imaging regarding the TFCC was not as apparent as for the
SLL and LTL in this study, where improved visualization was only evident in one
of the evaluated parts of the complex. Whether visualization of the TFCC benefits
from 3D imaging remains uncertain, as it was previously found beneficial by Park
et al.'”, but not by Jung et al.'"".

In summary, all evaluated structures were equally or better visualized using a 3D
sequence compared to 2D sequences. Thus, a 3D sequence can replace 2D
sequences when wrist ligaments need to be assessed.

Paper 11

In this study, visualization of ligaments, bone, cartilage, tendons and nerves, in 18
healthy test subjects, was compared between 7T and 3T MRI. Image evaluation was
done individually by four musculoskeletal radiologists, and the VGC Analyzer was
used for statistical analysis.

Visualization of all evaluated structures was improved with MRI at 7T compared
to 3T. Imaging with a 3D sequence and 2D sequences were graded separately, and
7T was superior to 3T for all structures in both instances. Please note that
comparison between 3D and 2D imaging was not done in this study.

Imaging at 7T also resulted in better image quality than 3T regarding edge
sharpness and perceived tissue contrast. No significant difference was found
regarding artefacts. The results of the VGC analysis are shown in Table 5 and Figure
11. Examples with comparison between 7T and 3T MRI of different structures are
shown in Figure 12 and 13.
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Table 5. VGC analysis, comparing ratings between 7T and 3T MR.
An AUCygc of 0.5 indicates that the image quality on average is graded equally at 7T and 3T MR. An

AUCygc of >0.5 shows that the image quality is superior at 7T. An AUCygc of <0.5 shows that the
image quality is superior at 3T. If there is a statistically significant difference between grading, the

confidence interval does not contain 0.5.

VGC analysis

TFCC, radial attachment (3D)

TFCC, radial attachment (2D)

TFCC, ulnar styloid attachment (3D)
TFCC, ulnar styloid attachment (2D)
TFCC, foveal attachment (3D)
TFCC, foveal attachment (2D)

SLL dorsal portion (3D)

SLL dorsal portion (2D)

SLL palmar portion (3D)

SLL palmar portion (2D)

LTL dorsal portion (3D)

LTL dorsal portion (2D)

LTL palmar portion (3D)

LTL palmar portion (2D)

Trabeculae of the capitate bone
Cartilage (triquetrum/hamatum) (3D)
Cartilage (triquetrum/hamatum) (2D)
Tendon (ECU) (3D)

Tendon (ECU) (2D)

Median nerve (3D)

Median nerve (2D)

Ulnar nerve (3D)

Ulnar nerve (2D)

Edge sharpness (image quality)

Percieved tissue contrast (image quality)

Artifacts (image quality)

AUCycc (95% CI)
0.70 (0.61-0.78)

0.62 (0.53-0.71)
0.74 (0.67-0.81)
0.68 (0.60-0.76)
0.75 (0.69-0.81)
0.67 (0.58-0.76)
0.73 (0.68-0.78)
0.76 (0.66-0.85)
0.65 (0.56-0.72)
0.72 (0.62-0.81)
0.66 (0.60-0.72)
0.71 (0.61-0.81)
0.65 (0.55-0.74)
0.65 (0.59-0.72)
0.87 (0.81-0.91)
0.84 (0.79-0.88)
0.73 (0.65-0.81)
0.73 (0.63-0.83)
0.78 (0.67-0.87)
0.80 (0.72-0.87)
0.82 (0.72-0.91)
0.80 (0.72-0.86)
0.88 (0.78-0.94)
0.74 (0.68-0.80)
0.73 (0.67-0.78)
0.52 (0.42-0.60)

P value
<0.0000001
0.011
<0.0000001
<0.0000001
<0.0000001
0.0025
<0.0000001
<0.0000001
0.0075
0.0025
0.0005
0.0005
0.022

0.001
<0.0000001
<0.0000001
<0.0000001
0.0005
<0.0000001
<0.0000001
<0.0000001
<0.0000001
<0.0000001
<0.0000001
<0.0000001
0.714

AUC, area under the curve; Cl, confidence interval; ECU, extensor carpi ulnaris; LTL, lunotriquetral
ligament; SLL, scapholunate ligament; TFCC, triangular fibrocartilage complex; VGC, visual grading

characteristic.
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Figure 11. VGC analysis comparing grading between 7T and 3T imaging. If the bar showing the AUC,
including the range bar representing the confidence interval, is above 0.5, 7T imaging was on average
graded significantly better than 3T imaging. Wider confidence intervals imply lower observer agreement.
AUC, area under the curve; ECU, extensor carpi ulnaris; LTL, lunotriquetral ligament; SLL, scapholunate
ligament; TFCC, triangular fibrocartilage complex; VGC, visual grading characteristic. Courtesy of
European Radiology. 2021, Springer Nature. License CC BY 4.0
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Figure 12. A 32-year-old male healthy volunteer (a, b), a 22-year-old male healthy volunteer (c, d). a A
7T 0.5-mm-thick coronal 3D PD TSE section and (b) a 3T 0.5-mm-thick coronal 3D PD SPACE section
with a depiction of the ulnar styloid attachments (arrowheads), the foveal attachment (arrow) and the
radial attachment (arrowhead) of the TFCC. ¢ A 7T 0.5-mm-thick axial 3D PD TSE section and (d) a 3T
0.5-mm-thick axial 3D PD SPACE section with visualization of the dorsal portion (arrow), and the
palmar portion (arrowhead) of the SLL. L, lunate; PD, proton density; S, scaphoid; SLL, scapholunate
ligament; SPACE, “sampling perfection with application-optimized contrasts using different flip angle
evolution”; TFCC, triangular fibrocartilage complex; TSE, turbo spin echo. Courtesy of European
Radiology. 2021, Springer Nature. License CC BY 4.0
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Figure 13. A 39-year-old healthy volunteer. a A 7T and (b) a 3T coronal 2D PD-weighted section,
showing articular cartilage. The arrowheads point to the articular cartilage between the hamate and the
triquetrum. ¢ A 7T and (d) a 3T axial 2D PD-weighted section, showing the median (arrow) and ulnar
nerve (arrowhead), at the level of the pisiform bone. H, hamate; P, pisiform; PD, proton density; T,
triquetrum. Courtesy of European Radiology. 2021, Springer Nature. License CC BY 4.0

This study was the first to compare imaging of the wrist at 7T to 3T using a
commercially available wrist coil at 7T. A previous study, using a wrist coil
developed for 3T and replicated for use at 7T, did not find a significant difference
in visualization of anatomical structures between 7T and 3T**. However, only one
coronal 2D gradient echo sequence was used for comparison, in contrast with the
current study, where five sequences were utilized.

After the publication of this study, a study by Heiss et al. was published
comparing image quality of 7T and 3T wrist MRI in 25 participants with chronic
wrist pain, with a control group consisting of 25 participants with no wrist pain'?°.
They confirmed that image quality was superior at 7T compared to 3T using PD-
weighted imaging, when all participants were included in the analysis, but this
superiority was not found in the subgroup with chronic wrist pain. Visualization of
cartilage was superior at 7T compared to 3T in both groups, but no superiority was
found in the depiction of ligaments (the TFCC, the SLL and the LTL).
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Paper III

Prior to a scheduled wrist arthroscopy, 7T and 3T MRI was performed in 24 patients
with suspected TFCC or SLL injury. Image evaluation was done individually by
four musculoskeletal radiologists. The MRI findings were compared with
arthroscopy findings. The sensitivity, specificity and accuracy of 7T and 3T MRI
were calculated, using wrist arthroscopy as a reference standard. Interobserver and
intraobserver agreement were evaluated by intraclass correlation coefficients, where
values below 0.50 are interpreted as poor reliability; values between 0.50 and 0.75
as moderate reliability; values between 0.75 and 0.90 as good reliability, and values
greater than 0.90 as excellent reliability.

In suspected injury to the TFCC or the SLL, no clear advantage was found using
7T MRI compared to 3T MRI, with wrist arthroscopy as a reference standard (Table
6 and 7). The diagnostic accuracy, at either field strength, was not better than the
diagnostic accuracy found in previous studies. Figure 14 shows a TFCC tear, and
Figure 15 an SLL tear at both field strengths. At 7T, 82% of TFCC tears and 70%
of SLL tears were correctly identified. At 3T, 75% of TFCC tears and 68% of SLL
tears were correctly identified.

Table 6. Ranges of the number of tears found on MRI, tears found on arthroscopy, and ranges
of true positive, true negative, false positive and false negative found by the four observers for
TFCC and SLL tear at 7T and 3T.

Structure  Field Strength L‘E’ el thi’r::copy ™ TN FP FN
TFCC 7T 6-15 7 47 1016 29 02
TFCC 3T 712 7 46 12415 37 13
SLL 7T 6-19 10 510 615 19 05
SLL 3T 8-20 10 510 613 310 05

FN, false negative; FP, false positive; SLL, scapholunate ligament; T, Tesla; TFCC, triangular
fibrocartilage complex; TN, true negative; TP, true positive.

Table 7. Sensitivity, specificity, positive predictive value, negative predictive value, and area
under the curve with 95% confidence interval for TFCC and SLL tear at 7T and 3T.

piruc git‘:(':‘gth Sensitivity ~Specificity PPV NPV auc 9% Clforall
TFCC 7T ?6?:7-1.00) ?6(.;583-0.89) ?6‘.?4-0.67) ?6?5?9-1.00) 0.82 0.67-0.94
TFCC 3T ?6-.,557-0.86) ?6-.,:3-0.83) ?6?6-0.57) ?6%83-0.92) 0.7 0.63-0.88
SLL 7T ?6-.,&?0-1.00) ?6(.;50-0.94) ?6?3-0.83) ?6.757-1.00) 0.74  0.59-0.89
SLL 3T 0.69 0.55 0.48 0.74 070  0.52-0.86

(0.50-1.00)  (0.38-0.81)  (0.42-0.63)  (0.64-1.00)

AUC, area under the curve; Cl, confidence interval; NPV, negative predictive value; PPV, positive
predictive value; SLL, scapholunate ligament; T, Tesla; TFCC, triangular fibrocartilage complex.
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Figure 14. A 19-year-old male with right-sided wrist pain after a sporting accident. MRI showed a
clearly delineated TFCC tear at the ulnar styloid (arrows) on coronal reformations at both (a) 7T and (b)
3T. T, Tesla; TFCC, triangular fibrocartilage complex. Courtesy of European Radiology. 2021, Springer
Nature. License CC BY 4.0
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Figure 15. A 24-year-old male with right-sided wrist pain after a work-related injury. MRI showed
a clearly delineated SLL tear (arrowheads) on coronal and axial reformations at both (a, ¢) 7T and (b,

d) 3T. L, lunate; S, scaphoid; SLL, scapholunate ligament; T, Tesla. Courtesy of European Radiology.
2021, Springer Nature. License CC BY 4.0

For the TFCC, the interobserver agreement was moderate for both 7T (0.59) and 3T
(0.74). Similarly, the interobserver agreement was moderate for both 7T (0.63) and
3T (0.69) with regards to the SLL.

The relatively large variation in the number of found tears between observers,
and that only moderate interobserver agreement was achieved for both the TFCC
and the SLL at both field strengths, may be caused by differences in experience in
musculoskeletal MRI between the observers. It may also be explained by the
inherent difficulty in evaluating tears of these small structures with MRI. The
findings highlight the importance of using multiple observers in imaging studies.
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Apart from ligament tears, other findings of potential clinical importance were made
in 14 of the 24 patients. Ganglia were found in 12 patients, subcortical bone cysts
in five, old fractures in three, bone marrow oedema in three, tenosynovitis in six,
and tendon rupture in two, where one showed a complete rupture of the extensor
carpi radialis brevis tendon and one a split rupture of the extensor carpi ulnaris
tendon. Regarding some of these findings, particularly ganglia, the MRI report can
be of guidance to the arthroscopist. Some of the pathologies are not detectable with
arthroscopy, like bone marrow oedema, bone cysts and tendon ruptures. Other
examples of lesions not detectable using arthroscopy are degenerative conditions,
tumours, and ligament tears in compartments not accessed during arthroscopy'*>.

In summary, a majority of TFCC and SLL tears can be found using MRI at 7T
and 3T, but MRI cannot replace wrist arthroscopy as the reference standard.
Utilizing a higher field strength (i.e. 7T) does not in itself improve diagnostic
accuracy. Heiss et al. likewise found no superiority of 7T compared to 3T MRI in
wrist ligament imaging in healthy participants or participants with chronic wrist
pain'*. However, their study did not include a comparison with wrist arthroscopy
findings. Despite not reaching the diagnostic accuracy of wrist arthroscopy in the
evaluation of wrist ligaments, MRI plays an important complimentary role in the
evaluation of patients with wrist pain.

Paper IV

A clinical wrist examination and an MRI were performed on 13 patients who had
been treated with SLL reconstruction 4-13 years priorly to restore scapholunate
alignment, improve function and lessen pain. Briefly, the reconstructions used in
this study consisted of an autograft (the flexor carpi radialis tendon) pulled through
bone tunnels in the scaphoid and the lunate and fixated with interference screws
made of biocomposite material. The MRI protocol included a new 3D sequence,
optimized for wrist ligament visualization, in addition to clinical routine wrist MRI
sequences. The clinical examination was performed by a senior hand surgeon and
the image evaluation was carried out in consensus by two senior radiologists.

Only one of the 13 evaluated grafts was found intact on MRI. In all other patients,
the reconstruction grafts were absent, and bone marrow had replaced the graft in at
least one of the tunnels through the scaphoid or the lunate. Other notable MRI
findings were scapholunate dissociation in 10 (77%) and an increased scapholunate
angle in 11 (85%) of the patients, indirectly indicating loss of graft integrity.
Extensive osteoarthritis was found in two (15%) of the patients, who also presented
with subluxation of the lunate bone. There were no signs of osteolysis around the
bore canals in any of the patients. Results from the MR examinations for all patients
is detailed in Table 8.
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Table 8. MRI results in 13 patients with scapholunate ligament reconstruction. SL dissociation is
defined when the distance is >2,5 mm. An increased SL angle is >62,5°.

Bone
Years SL marrow  Thinning of Bone
since Intact distance SL-angle filling in articulate  marrow Extensive
surgery graft (mm) (°) bore canal cartilage oedema osteo-arthritis
12 No 5,95 78,6 L S.LR - No
10 No 6,20 65,4 S,L S,L,R S,L,R,C Yes
13 No 1,85 48,5 L - - No
4 No 4,15 76,4 L - - No
8 No 4,78 87,2 S S.L S,L,LRH Yes
6 Yes 3,00 63,4 - - S,R No
8 No 1,25 73,4 S S.L S.L No
5 No 5,20 50,7 S,L S - No
5 No 5,03 72,7 S S SR No
4 No 4,35 87,3 L - - No
4 No 2,89 81,3 L - - No
5 No 0,93 67,5 S.L - - No
9 No 3,32 62,7 L S - No

C, capitatum; H, hamatum; L, lunate; MRI, magnetic resonance imaging; N/A, not applicable; R, radius;
S, scaphoid; SL, scapholunate.

Selected results from the clinical examinations are detailed in Table 9. Self-reported
functional assessment showed improvement in DASH and PRWE scores in all but
one of the patients compared to preoperative values (although data was missing for
DASH in one patient, for PRWE in two patients). The findings were statistically
significant. Only a minority reported pain intensity above the “mild” range during
activity using the visual analogue scale (VAS), where ratings of 0-4 mm were
considered as representing no pain, 5-44 mm mild pain, 45-74 mm moderate pain
and 75-100 mm severe pain. There was a statistically significant reduction of
mobility in flexion, extension and radial deviation on the operated side compared to
the healthy side. No apparent association between the imaging- and clinical findings
was found.
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Table 9. Some of the results from the clinical follow up examination after surgery, prior to MRI in
13 patients with scapholunate ligament reconstruction. A positive DASH score and a positive PRWE
score indicate an improved disability score of the affected extremity and an improved disability score of
the affected wrist, respectively, compared to the scores registered prior to surgery. VAS ratings of 0-4
mm were considered as representing no pain, 5-44 mm mild pain, 45-74 mm moderate pain and 75-100
mm severe pain. A (-) indicates that data is missing.

Yesal:'fgselrr;ce DAS:-II)inlgtesr)ence PRW(Ii g;:ftz;ence VAS (rest) (VAS active)
12 58 - 0 0
10 25 36 3 15
13 2 33 0 10
4 50 64,5 4 8
8 -29 -13,5 32 72
6 27 11 30 78
8 7 29 0 30
5 42 40 2 30
5 20 32 12 60
4 6 30 35 35
4 - - 18 77
5 8 14 20 20
9 17 15 0 2

DASH, Disabilities of arm, shoulder and hand questionnaire; kg, kilograms; MRI, magnetic resonance
imaging; PRWE, patient-rated wrist evaluation; VAS, visual analogue scale.

Figure 16 shows the only intact scapholunate ligament reconstruction graft found
on MRI, visualized on the dorsal side and in the bore canal through the lunate.
Figure 17 shows bone marrow replacement of the bore canal in the scaphoid,
subluxation of the lunate and SL-dissociation.

Figure 16. A 50-year-old female with 3T MRI performed six years after SLL reconstruction. The
image on the left shows an axial, PD-weighted Dixon TSE sequence with an intact reconstruction graft
dorsally (arrowheads). The image on the right, using the same MR sequence, shows a slight widening
of the bore canal in the lunate where the bioabsorbable screw was before resorption (arrowheads). The
intact reconstruction graft passes through the canal (arrows). L, lunate; MRI, magnetic resonance
imaging; PD, proton density; S, scaphoid; SLL, scapholunate ligament; T, Tesla; TSE, turbo spin echo.
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Figure 17. A 65-year-old male with 3T MRI performed 10 years after SLL reconstruction. A
coronal T1-weighted sequence shows almost complete bone marrow replacement of the bore canal in
the scaphoid (arrowheads). There was also partial replacement of the bore canal with bone marrow in
the lunate but not present in this image slice (arrow). Notice the SL-dissociation and the ulnar
subluxation of the lunate. MRI, magnetic resonance imaging; SL, scapho-lunate; SLL, scapholunate
ligament; T, Tesla

In this study, the only intact graft was clearly visualized at 3T MRI. The absence of
a visible graft in the other patients was interpreted as true graft loss rather than poor
visualization. The utilized graft has a larger diameter than the native SLL, and it
should be clearly delineated using a 3D sequence. Also, no fibrous tissue was seen
at its expected location. The replacement with bone marrow in at least one of the
bore tunnels in all patients without an intact graft also shows that the graft was not
present in these tunnels. Despite scapholunate dissociation, an increased
scapholunate angle, absence of an intact graft and various degrees of degenerative
changes, most patients showed a good functional outcome after surgery, indicated
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by an improvement of DASH and PRWE scores. The limited number of patients
make caution necessary in generalizing these results. However, the findings
corroborate previous findings, where radiographs showed scapholunate
dissociation, increased scapholunate angle and signs of degradation in patients with
good functional outcome several years after reconstruction of the SLL'®.

Thus, using MRI in the follow-up after reconstruction of the SLL provides
information regarding graft integrity that cannot be achieved with clinical
examination and radiographs. MRI findings could inform hand surgeons about
differences in graft integrity after various reconstructive techniques. This could
affect preference between different reconstructive techniques. Improvement in
functionality is, of course, an important follow-up parameter, but it is not known
whether functionality would deteriorate after a longer follow-up period in patients
where the SLL reconstruction is not intact.
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Conclusions

Magnetic resonance imaging is a valuable diagnostic tool in patients with suspected
wrist ligament injury, and it contributes with information not available by wrist
arthroscopy. However, in suspected wrist ligament injury, it still does not reach the
same diagnostic accuracy as wrist arthroscopy even when a 3D sequence is added
to the MRI protocol, or when the field strength is increased to 7T. In the follow-up
after SLL reconstruction, MRI contributes with valuable information regarding graft
Integrity.

Paper I

A 3D sequence can replace 2D sequences in the assessment of wrist ligaments at 3T
MRI.

Paper 11

In the absence of pathology, anatomical structures of the wrist are better visualized
at 7T than at 3T MRIL.

Paper III

When wrist ligament injury is suspected, MRI at 7T was not superior to MRI at 3T.
MRI is a valuable complementary tool to wrist arthroscopy.

Paper IV

Using MRI in the follow-up after SLL reconstruction contributes valuable
information regarding graft integrity.
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Future aspects

In musculoskeletal MRI, 3D imaging is underutilized. The thinner slices and
possibility for MPR to improve the visualization of intricate structures can result in
a more confident assessment by the radiologist. The 3D sequence developed for 3T
as a part of this thesis is currently being clinically tested and implemented at our
facility for indications other than just wrist ligament injury. The 3D sequence can
potentially replace the three 2D PD-weighted sequences in our clinical protocol,
thus shortening the total acquisition time. The fourth study of this thesis was
conducted at the Sahlgrenska University Hospital in Gothenburg, where a 3D
sequence was built using the sequence developed in Lund as a template and an
inspiration. Use of this sequence in clinical protocols is currently being
implemented.

As the diagnostic accuracy of MRI at 7T in suspected wrist ligament injury never
had been investigated prior to this thesis, we choose to use a completely non-
invasive approach. As previously mentioned, wrist MRA has previously been found
superior to MRI in detecting wrist ligament injuries at lower field strengths, and it
would be of great interest to investigate both indirect and direct wrist MRA at 7T.

Ultrasound is a low cost, non-invasive, dynamic modality with great availability.
However, it is operator dependent, and it cannot depict structures obscured by
bones. Using a high frequency, linear transducer, the TFCC, the SLL and the LTL
can be visualized using ultrasound'*, and injury should be suspected if ligament
fibres are discontinuous, or if a ligament is not seen in its expected anatomical
location'?*. Ultrasound examination of the wrist can be performed during clinical
examination by a trained hand surgeon, alternatively by a musculoskeletal
radiologist. The sensitivity, specificity and accuracy of wrist ultrasound can thus
easily be investigated, using wrist arthroscopy as a reference standard.

In recent years, research on dynamic MRI of the wrist has been conducted, as it
may have the potential of assessing altered wrist kinematics in patients with wrist
ligament injury'*®"*®, If this will lead to clinically practical implications remains to
be seen.

In follow-up studies after reconstructive surgery of the SLL, X-ray imaging is
usually the only imaging modality utilized"'*. With its ability to depict soft tissues
in detail, MRI could be a valuable tool in future follow-up studies after wrist
ligament reconstructive surgery, to better assess graft integrity and potential
complications. This would facilitate comparison between different surgical
techniques based on differences in long-term graft integrity as seen on MRI.
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