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The KANON study

This thesis is based on the planning, protocol 
design, patient recruitment and implementation 
of a randomized clinical trial (RCT), the KANON 
study. KANON is an abbreviation for Knee, Ante-
rior cruciate ligament, NON-surgical versus surgi-
cal treatment. This RCT is a major ingredient of 
this thesis although the complete results from the 
trial are not yet available. The primary outcomes 
from the RCT will be presented when the 2-year 
follow up is completed, although some early 
results are included in this thesis (papers II, IV, and 
V). The history and design of the KANON study is 
thus presented as a prologue in this thesis. 

Short history

Spring 2001, I was working as a physical thera-
pist with the rehabilitation following ACL injury 
and assisted at surgical ACL reconstructions to 
learn more of the surgical method, anatomy, and 
possible causes of post-operative morbidity. In the 
initial phase of one of these operations it was found 
that the ruptured ACL had partially healed onto the 
posterior cruciate ligament (PCL). The knee was 
stable under anesthesia and a decision on wether 
the ‘healed’ ACL should be removed or not, was 
called upon. At the end of the day, the orthopedic 
surgeon, my co-advisor to be, dropped an outline 
of protocol for an RCT on my desk, asked me to 
review the protocol and inquired about my interest 
in performing such trial. Surprisingly, I found that 
there was no evidence in support of ACL recon-

Prologue

struction being superior to structured rehabilita-
tion, and my interest and curiosity was awaked. 

Only weeks later, I was introduced to my main 
advisor and more papers were dropped on my 
desk, among those a protocol for a previous drug 
trial, and ten months later the protocol for the 
KANON study was finalized. The first subject was 
included in the KANON study in February 2002 
and the recruitment was not completed until four 
years later. 

General aim of the KANON study

The main purpose of the KANON study is to com-
pare the short-term (2 years) and long-term (5 
years) effects of surgical and non-surgical treat-
ment of acute ACL injury in a physically active 
population. Several hypotheses were presented in 
the protocol.

Visits and follow up

All subjects are followed with questionnaires at all 
visits (including self-reported knee function and 
activity level) and clinical assessment, including 
both self-reported instability in activity and insta-
bility at examination, is performed at each follow-
up. Early structural changes are followed in a sub-
sample (n=63) of the included subjects with fre-
quent monitoring by magnetic resonance imaging 
(MRI) at all follow-up visits. All subjects are exam-
ined by MRI at baseline, 2 years and 5 years. Joint 
fluid (JF), serum and urine samples are collected at 
the same time as MRI assessment (Figure 1).
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Figure 1. Flow chart over the logistics of follow up visits in the KANON study.
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I. What is the true population-based incidence 
of ACL rupture?

Subjects: 159 subjects with acute knee injury
Methods: Medical charts & sub-acute MRI
Conclusion: The annual incidence was 3 times 

higher than previously suggested, 81/100 000 
individuals aged 10–64. The clinical assessment 
at the orthopedic ER was of limited value.

II. Recruiting participants to a surgical RCT 
- How hard can it be?

Subjects: 560 subjects in Helsingborg with acute 
knee injury

Method: Medical charts, clinical assessment and 
MRI findings

Conclusion: The protocol-based sample size needs 
to be multiplied by 5.5 to provide an estimate of 
the number of subjects that need to be screened 
for eligibility in a study comparable to the 
KANON study.

III. Can self-reported Tegner scores be used 
as a substitute for assessor-reported Tegner 
scores?

Subjects: 188 active competitive amateur soccer 
players, 65 women (all corresponding to an indi-
vidual Tegner score of 9)

Method: Self-reported questionnaire
Conclusion: No. Older age, female sex and lower 

level of competition (division) was associated 
with worse self-reported Tegner scores and thus 
the validity of self-reported Tegner scores could 
be questioned.

Thesis at a glance

Clinical assessment
Stable Unstable Pain Not classified

Number
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Intact ACL as visualized on MRI
ACL rupture as visualized on MRI
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Paper III. Self-reported Tegner activity level by soccer divi-
sion (lower) and sex (upper) (N=188). Box area represents 
25th and 75th quartiles separated by a line representing the 
median value. Whiskers represent the 10th and 90th per-
centiles and circles represent subjects outside this interval.
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Paper I. The agreement between A-P laxity at clinical 
examination and ACL injury/uninjured ACL as visualized 
on MRI, N=159. The X-axis shows the result of clinically 
detected A-P laxity (Stable/Unstable), pain interfering with 
stability testing (Pain) and A-P laxity not assessed due to 
other reasons (Not classified).
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IV. Acute ACL injury: is this all?

Subjects: 121 subjects, 32 women, with a not more 
than 5 weeks old ACL tear 

Method: MRI
Conclusion: No, definitely not. Besides previously 

reported associated injuries, such as meniscal 
and collateral ligament injuries, 57% had a corti-
cal depression fracture, and nearly all (98%) had 
bone marrow lesions. 

V. Does an ACL reconstruction influence 
the 1st year development of joint fluid, bone 
marrow lesions and cartilage morphology?

Subjects: 58 subjects, 16 women, with a not more 
than 5 weeks old ACL tear

Method: Prospective MRI over the 1st year after 
ACL injury

Conclusion: Yes, joint fluid and BML volumes as 
well as morphometric change of knee cartilage 
were negatively affected by an ACL reconstruc-
tion.

Paper IV. The distribution and frequency of cortical depres-
sion fractures presented in this study (n=78). Frontal view 
(left) and sagittal view (right).

Paper V. Standard Response Means (Mean change / 
SDMean change) of changes between 3 and 12 months of 
joint cartilage volume (VC, black bars), joint cartilage thick-
ness (ThCcAB, dark grey bars) and joint cartilage area 
(AC, light grey bars) in the central medial femur (top) and 
trochlea femur (bottom) for knees treated with ACL recon-
struction (n=34) and without ACL reconstruction (n=24).

SRM – Central medial femur (cMF)

SRM – Trochlea femur (TrF)

ACL reconstruction Non-surgical
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AC Cartilage surface area
ACL Anterior cruciate ligament
A-P  Antero–posterior 
ARS Activity Rating Scale
BML Bone marrow lesions
BTB Bone–patella tendon–bone autograft
cLF Central lateral femur
cMF Central medial femur
CNS Central nervous system
DETSE Dual echo turbo spin echo
EBM Evidence based medicine
ER Emergency room
F Femur
FOV Field of view
FLASH Fast low angle shot
GAG Glycosaminoglycans
ICC Intra-class correlation
ITT Intention to treat
JF Joint fluid
K Knee
KOOS Knee injury and Osteoarthritis Out-

come Score
LCL Lateral collateral ligament
LF Lateral femur
LT Lateral tibia

Abbreviations

MCL Medial collateral ligament
MF Medial femur
MRI Magnetic resonance imaging
MT Medial tibia
OA Osteoarthritis
P Patella
PCL Posterior cruciate ligament
pLF Posterior lateral femur
pMF Posterior medial femur
qMRI Quantitative magnetic resonance 

imaging
QOL Quality of life
RCT Randomized controlled trial
ROI Region of interest
ROM Range of motion
SD Standard deviation
SRM Standard response mean (Mean 

change / SDmean change)
STIR Short tau inversionrecovery
T Tibia
TE Echo time
ThCcAB Cartilage thickness
TR Repetition time
TrF Trochlea femur 
VC Cartilage volume
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Populärvetenskaplig sammanfattning

Avhandlingens huvudsyfte var att undersöka årlig 
förekomst samt tidiga konsekvenser av akut främre 
korsbandsskada i knäleden. En klinisk studie med 
slumpvis fördelning mellan kirurgisk rekonstruk-
tion och icke-kirurgisk behandling, KANON-stu-
dien, designades och användes för ändamålet.

På kort sikt orsakar en obehandlad främre kors-
bandsskada vikningsepisoder och instabilitet. 
Dessa symptom kan i hög grad lindras av struk-
turerad rehabilitering, med eller utan tillägg av 
kirurgi. På längre sikt drabbas varannan individ 
emellertid av artros (ledsvikt) oavsett kirurgisk 
eller icke-kirurgisk behandling. 

Idag finns inga vetenskapliga resultat som stöd-
jer att kirurgisk rekonstruktion av ett skadat främre 
korsband ger bättre resultat än andra behandlings-
metoder. Trots det rekommenderas vanligen kirurgi 
som behandling, särskilt för unga aktiva individer. 

Främre korsbandsskadan är endast en del av 
problemet

Förutom tidigare kända skador på menisker och 
sidoledband visar vi att 60 % av dessa knän även 
drabbas av frakturer och att i stort sett alla har ben-
märgsskador, s.k. lesioner. 

Genom att använda ny magnetkamera teknik 
(MR) visar vi även att benmärgslesionerna kvarstår 
i nästan 2/3 av knäna ett år efter skada. Dessutom 
finner vi en konstant förändring av ledbrosket i två 
olika regioner av knäleden ett år efter skada oavsett 
behandling.

Det förstörda främre korsbandet är således endast 
en del av ett större skadepanorama, vilket måhända 
delvis förklarar varför risken för knäartros är hög 
även efter behandling av det skadade ligamentet. 

Förlängd läkning efter kirurgisk rekonstruktion?

Kirurgisk rekonstruktion, utförd inom 10 veckor 
efter skada, var en oberoende riskfaktor för för-
dröjd reduktion av såväl ledsvullnad som ben-
märgslesioner och lokala förändringar i ledbrosket 
ett år efter skada.

En möjlig slutsats är därför att individer med 
tidig rekonstruktion av främre korsbandet bör und-

vika idrott och fysiskt krävande aktiviteter under 
de första 12 månaderna efter skada.

Varannan främre korsbandsskada får fel diag-
nos i det akuta skedet

Den årliga förekomsten av främre korsbandsska-
dor är nära tre gånger högre än tidigare känt, 81 per 
100 000 individer i åldrarna 10–64 år. Ökningen 
beror sannolikt delvis på att varannan patient med 
främre korsbandsruptur, verifierad med MR-under-
sökning, inte upptäcktes vid den kliniska under-
sökningen på ortopedens akutmottagning.

Det akuta omhändertagandet av dessa patienter 
bör således förbättras genom ändrade rutiner.

Återgång i idrott återspeglar inte nödvändigt-
vis symptomfrihet

Fotbollsspelare som tidigare drabbats av knäskada 
rapporterar sämre knäfunktion än sina oskadade 
lagkamrater, trots att de spelar fotboll på samma 
nivå. Eventuellt betyder det att dessa individer är 
aktiva i spel trots symptomgivande knäleder vilket 
kan bidra till ökad risk för framtida knäartros.

Evidensbaserad behandling kräver stora 
resurser men är nödvändig

Randomiserade kontrollerade kliniska studier är de 
enda vedertagna vetenskapliga redskapen för att 
visa en behandlings effektivitet jämfört med pla-
cebobehandling eller annan etablerad behandling. 
Denna studiedesign är krävande och tidsödande, 
men är ett krav vid exempelvis introduktion av 
nya läkemedel. Däremot föreligger inget liknande 
krav för etablering eller introduktion av kirurgiska 
metoder. I den mån det är möjligt bör kanske även 
vissa knäkirurgiska behandlingar utvärderas på lik-
nande sätt.

Denna avhandling visar att det är fullt möjligt 
att genomföra en klinisk studie med slumpmäs-
sig fördelning mellan kirurgisk och icke-kirurgisk 
behandling. Vi underlättar för liknande framtida 
studier genom att beskriva resultatet av rekryte-
ringsprocessen. Forskare som vill genomföra en 
studie liknande KANON-studien bör räkna med att 
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behöva undersöka minst fem patienter för att inklu-
dera en i sin studie.

Sammanfattningsvis finns få sanningar om främre 
korsbandsskada. Konsekvenserna för den enskilda 

individen är emellertid ofta allvarliga. Såväl kort-
siktiga som långsiktiga konsekvenser bör ingå vid 
utvärdering av dessa skador samtidigt som kvalitén 
på vetenskapliga rapporter rörande främre kors-
bandsskador behöver förbättras.
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A short historical review

It is not clear who published the first scientific 
report of a knee injury involving an ACL tear, but 
most likely the first description was made by Stark 
in the 1850s (Stark 1850). The first report of a surgi-
cal procedure to repair/reconstruct a ruptured ACL 
using the ilio-tibial band was described by Hey 
Groves in 1917 (Hey Groves 1917). However, few 
would dispute that the first comprehensive descrip-
tion of ACL tears and their surgical treatment was 
published in a thesis from 1938 by the Swedish 
professor and surgeon Ivar Palmer (Palmer 1938). 
In summary, his recommendations for the handling 
of ACL tears, based on his scientific work about 70 
years ago, was:
1. ACL tears need to be diagnosed as early as pos-

sible.
2. The ruptured ACL needs to be surgically 

repaired.
These statements seem to have been unchanged 

through almost a century and would not be out of 
place in a talk given at a conference on orthopedic 
surgery today.

Surgical repair or reconstruction of the ACL has 
been the driving force in the development of treat-
ment of ACL deficient knees ever since instability 
was found to be the major cause of disability in 
the active individual (Slocum et al. 1976). Surgi-
cal techniques, tunnel positioning and graft choice 
have been in the scientific focus over the years, 
but there is still no evidence in support of surgical 
treatment being superior to non-surgical treatment 
(Linko et al. 2005, Lohmander et al. 2007).

The anterior cruciate ligament

The knee joint is stabilized by static (i.e. ligaments) 
and dynamic (i.e. muscles) stabilizers (Levangie & 
Norkin 2001). The normal ACL is, along with the 
posterior cruciate ligament (PCL) and the medial 
and lateral collateral ligaments (MCL/LCL), a pas-
sive, static and viscoelastic stabilizer of the knee 

Introduction

(Johansson et al. 1991). The ACL is attached to the 
femur and tibia, not as a single cord but as a col-
lection of individual fascicles that fan out over a 
broad flattened area (Furman et al. 1976). In the 
normal human knee, the ACL is approximately 35 
mm long and 8 mm thick, surrounded by a syno-
vial layer and consisting of at least two separate 
bundles, the anteromedial (AM) and posterolateral 
(PL) bundle. The AM bundle is tauter in flexion 
and the PL bundle is tauter in extension. The proxi-
mal insertion is located on the posterior aspect of 
the medial surface of the lateral femoral condyle 
and the distal insertion is inferior to the tibial spine 
(Arnoczky 1983). At rest, the ACL is the primary 
restraint to anterior displacement of the tibia rela-
tive to the femur (Butler et al. 1980). In addition, 
the normal ACL also acts as a restraint to internal-
external rotation, varus-valgus angulation and com-
binations thereof (Markolf et al. 1995, Kanamori 
et al. 2002). Furthermore, the ACL receives nerve 
fibers from the tibial nerve, suggested to provide 
the ACL with mechanoreceptors contributing to 
the dynamic stabilization of the knee joint over 
the central nervous system (CNS) (Solomonow & 
Krogsgaard 2001).

Due to its oblique pattern through the knee joint, 
a complete tear is unlikely to heal as the ruptured 
ends of the ligament are separated. However, spon-
taneous healing or healing onto the PCL has been 
reported (Kurosaka et al. 1998, Fujimoto et al. 
2002, Boks et al. 2006), although the frequency of 
such healing potential is not known. 

Incidence and prevalence of ACL injury

An ACL injury affects mainly young active indi-
viduals where the annual incidence of ACL injury 
in different sports was suggested to be 18/1000 
players in soccer (Roos et al. 1995) and 1/1000 
game hours in handball (Myklebust et al. 1998). 
Several studies also reported a higher rate of ACL 
injuries among female athletes compared with 
males (Arendt & Dick 1995, Arendt et al. 1999, 
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Krogsgaard 2001).

Due to its oblique pattern through the knee joint, 
a complete tear is unlikely to heal as the ruptured 
ends of the ligament are separated. However, spon-
taneous healing or healing onto the PCL has been 
reported (Kurosaka et al. 1998, Fujimoto et al. 
2002, Boks et al. 2006), although the frequency of 
such healing potential is not known. 

Incidence and prevalence of ACL injury

An ACL injury affects mainly young active indi-
viduals where the annual incidence of ACL injury 
in different sports was suggested to be 18/1000 
players in soccer (Roos et al. 1995) and 1/1000 
game hours in handball (Myklebust et al. 1998). 
Several studies also reported a higher rate of ACL 
injuries among female athletes compared with 
males (Arendt & Dick 1995, Arendt et al. 1999, 
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Agel et al. 2005, Mihata et al. 2006). The incidence 
of ACL injury in the general population is however 
not well known. Only one report was found, sug-
gesting an annual incidence of 30 ACL injuries 
per 100 000 inhabitants (Nielsen & Yde 1991). 
Extrapolated nationally, this implies that approxi-
mately 2700 ACL injuries would occur annually in 
Sweden, regardless of age, activity level etc. How-
ever, more than 3000 ACL reconstructions are per-
formed in Sweden annually due to acute or chronic 
ACL insufficiency and thus an incidence of less 
than 3000 ACL injuries per year is likely to be an 
understatement.

The prevalence of ACL rupture is not known. 
However, a recent study using MRI for assessment 
found that 4.8% of ambulatory individuals aged 
50–90 years, unselected for knee or other joint 
problems had an ACL tear (Englund et al. 2006). 
Thus, many subjects with ACL injury may be mis-
diagnosed, never receive medical attendance, have 
spontaneous (i.e. non-traumatic) ACL ruptures 
and/or suffer only from minor symptoms of their 
ACL injury. 

The acutely ACL injured knee

An ACL rupture is usually the result of a specific 
trauma to the knee joint in young adults and ado-
lescents where a history of recent trauma in combi-
nation with hemarthrosis is a good clinical indica-
tor for ACL injury (Gillquist et al. 1977, DeHaven 
1980, Noyes et al. 1980, Butler & Andrews 1988, 
Harilainen et al. 1988, Visuri et al. 1993, Sarimo 
et al. 2002). An increased antero-posterior (A-P) 
laxity at clinical assessment in the acute phase 
would further suggest malfunction of the ACL. 

The injury mechanism for an ACL tear is com-
plex and not well understood (Arendt & Dick 1995, 
Andersen et al. 2004, Arnason et al. 2004, Griffin 
et al. 2006). Hyperextension or combinations of 
valgus-external rotation or flexion-internal rotation 
were mechanisms suggested to produce an ACL 
tear (Jarvinen et al. 1994, Ettlinger et al. 1995, 
Palmer 2003). The complexity of such mechanisms 
implies a likelihood of additional anatomical inju-
ries within the injured knee joint and consequently 
isolated ACL tears are rare. Collateral ligament 
injury and/or meniscal injury were found as con-

comitant injuries in 50–70% of ACL injured knees 
(DeHaven 1980, Butler & Andrews 1988, Sarimo 
et al. 2002) but possibly additional injuries could 
be detected using new and improved methods. The 
growing use of MRI has revealed traumatic bone 
marrow lesions (BML), also referred to as ‘bone 
bruises’, in the acute phase of ACL injury (Yu & 
Cook 1996, Hayes et al. 2000, Sanders et al. 2000, 
Palmer 2003). The relevance of such injuries is not 
yet fully known, although micro-fractures of can-
cellous bone, osteocyte necrosis, edema, bleeding in 
the fatty marrow and empty osteocyte lacunae were 
observed in the area of traumatic BML (Johnson et 
al. 1998, Rangger et al. 1998). It is thus possible 
that the knee cartilage, sub-chondral bone and bone 
marrow are affected by strong compressive forces 
at the time of ACL injury and case-reports of asso-
ciated fracture-like findings support this possibility 
(Kaplan et al. 1992, Stevens & Dragoo 2006). 

Animal and laboratory studies have shown cell 
death and chondrocyte senescence in cartilage 
affected by traumatic compression (Johnson et al. 
1998, Lewis et al. 2003, Lahm et al. 2004, Martin 
et al. 2004, Milentijevic et al. 2005). Furthermore, 
chondrocyte necrosis was found to occur in the 
impacted cartilage, spreading in depth and width 
with increasing stress forces (Ewers et al. 2002, Bor-
relli et al. 2003, Milentijevic et al. 2005). Thus, it is 
likely that the knee cartilage is negatively affected 
by injuries involving compressive forces (Lohman-
der & Roos 1994, Lohmander et al. 2007).

Consequently, the ACL is possibly only one of 
many injured intra-articular structures of these 
knees and the rationale of classifying these knees 
as ACL injured knees could be questioned.

Treatment of ACL injuries

There is no treatment that fully restores an ACL 
injured knee and thus these knees will remain 
injured regardless of treatment. Individuals suffer-
ing from instability, pain or dysfunction are likely 
to seek medical care and offered the treatment 
option preferred at that specific medical institution. 
However, individuals with minor or no symptoms 
are not likely to seek medical care and will prob-
ably never receive any treatment. The frequency of 
asymptomatic ACL injuries is not known, although 
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the high prevalence of ACL rupture found in older 
subjects unselected for knee complaints (Englund 
et al. 2006) suggest that this is not an uncommon 
phenomenon.

Surgical treatment is the most frequently reported 
treatment of ACL injury and the preferred treat-
ment by most orthopedic surgeons. Arthroscopi-
cally assisted reconstruction of the ACL has 
been the method of choice since the 1990’s, and 
the bone-patellar tendon-bone (BTB) autograft 
(Jones 1970) was initially the preferred graft for 
primary reconstruction of the ACL (Lipscomb et 
al. 1981). In recent years, however, a growing use 
of quadruple hamstring autografts (Semitendi-
nosus / Gracilis tendon) (Aglietti et al. 1996) has 
been reported. No differences have been shown 
at two years after reconstruction in RCTs when 
comparing these methods (Eriksson et al. 2001a, 
O’Neill 2001, Laxdal et al. 2005, Biau et al. 2007). 
Recently, the double bundle technique (Hara et al. 
2000, Takeuchi et al. 2002, Marcacci et al. 2003) 
was introduced as a more anatomically fit method 
for surgical reconstruction. However, there is no 
long term evidence (i.e. more than 2 years) in favor 
of this technique as compared to the single bundle 
technique mainly used today (Muneta et al. 2007), 
even though a better rotational stability compared 
with the single bundle technique was reported after 
14 months (Jarvela 2007). 

Non-surgical treatment following ACL injury 
is less frequently reported, especially in recent 
years, and unfortunately non-surgical treatment 
was poorly defined in studies comparing surgi-
cal and non-surgical treatment (Sandberg et al. 
1987, Andersson et al. 1991, Zysk & Refior 2000, 
Meunier et al. 2007). Structured rehabilitation was 
however proven to be beneficial before and after 
surgical treatment (Shelbourne et al. 1991, Shel-
bourne & Patel 1995) and physiotherapist led pro-
grams consisting of specific muscle exercises, neu-
romuscular electrical stimulation and most likely 
also neuromuscular exercises have been shown to 
be effective in the rehabilitation after ACL recon-
struction (Ageberg et al. 2001, Risberg et al. 2004). 
In the 1980’s, several studies reported good out-
come after non-surgical treatment where subjects 
treated with rehabilitation alone were shown to 
benefit at least equally to those treated surgically 
(McDaniel & Dameron 1980, Giove et al. 1983, 

Jokl et al. 1984). These findings were confirmed 
in two recent studies (Myklebust et al. 2003, Kos-
togiannis et al. 2007). Furthermore, physical ther-
apy and rehabilitation of ACL deficient knees has 
improved significantly over the last 10–15 years, 
increasingly based on scientific evidence (Risberg 
et al. 2004).

Study designs and Evidence Based 
Medicine (EBM)

There are numerous publications on the assessment 
of ACL injury. However, different study designs 
provide results of varying quality and results are 
not always generalizable to populations outside the 
study sample. There are three major clinical study 
designs: descriptive, observational, and inter-
ventional studies (Figure 2) (Audige et al. 2006). 
Descriptive and observational study designs have 
several known limitations affecting the possibility 
to draw generalized conclusions. Thus, such stud-
ies should mainly be used to generate hypotheses, 
enhance the quality of current treatments and to 
study effects of treatments already shown to be 
effective. Conclusions from such studies need to 
be carefully considered regarding study design, 
confounding factors and different types of bias. 
In order to prove one treatments’ superiority over 
another, an RCT is recommended and considered 
the gold standard (Dunn et al. 2003, Audige et al. 
2006). 

Meta-
analyses

Intervention studies
RCT

Low

Descriptive, non-comparative studies
Case series

Expert opinion

Observation/intervention studies
Cohort studies

Case-control studies
Cross-sectional studies

Level of evidence
High

Figure 2. Different types of study designs and their level 
of evidence.
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Randomized Controlled Trials (RCT)

Designed properly, the randomized clinical trial 
(RCT) is a powerful tool to evaluate medical treat-
ments (Begg et al. 1996, McLeod et al. 1996). 
RCTs evaluating surgical treatments are however 
challenging to design and conduct. In particular, 
the recruitment of patients has been described as 
difficult and time-consuming (Tognoni et al. 1991, 
McLeod et al. 1996, Ross et al. 1999). An RCT is 
superior to other study designs as randomization 
matches groups for unknown characteristics (con-
founders) as well as other prognostic variables. 
Selection bias is therefore reduced to a minimum 
(Dunn et al. 2003, Audige et al. 2006). Results and 
conclusions delivered in a report from an RCT are 
however not always reliable since RCTs can be 
performed and/or reported with large quality dif-
ferences. Low quality reports from RCTs have 
been suggested to overestimate the effectiveness 
of interventions by some 30% when compared 
with high quality reports from RCTs assessing the 
same intervention (Schulz et al. 1995, Moher et al. 
1998). A proposal for reporting results from RCTs, 
the CONSORT statement, was published in 1996 
(Begg et al. 1996), revised in 2001 (Moher et al. 
2001) and was shown to improve the quality of 
reports from treatment RCTs (Plint et al. 2006).

There are few available RCT reports in ortho-
pedic surgery, especially from RCTs compar-
ing surgical and non-surgical interventions. One 
reason for this is probably that such studies require 
substantial efforts in order to include a sufficient 
number of subjects. Traditionally it may have been 
considered unethical not to perform a surgical pro-
cedure earlier shown to be beneficial for subjects 
in descriptive and observational studies. Most sur-
gical treatments in orthopedics were introduced 
prior to the development of RCTs and thus several 
frequently performed surgical interventions were 
never compared with non-surgical alternatives. A 
widely discussed recent study compared results 
after arthroscopic knee surgery and sham surgery 
in subjects with OA (Moseley et al. 2002). In this 
study, sham surgery was found to be as effective 
as arthroscopic lavage and debridement, although 
none of these treatments improved symptoms more 
than 10–20% compared to pre-surgery symptoms. 
Surgery obviously has a significant placebo effect. 
With regard to ACL injuries, the following was 

stated in a recently defended thesis: “due to the 
lack of good studies, comparing surgical and non-
surgical treatment, it is currently almost impossible 
to advise the individual person with an ACL injury 
about whether or not non-surgical treatment can 
be safe” (Laxdal 2006). Surprisingly, one of the 
studies included in this thesis showed that 93% of 
the patients expected an excellent or good result 
from surgical reconstruction. However, at follow-
up at 32 months almost 20% reported a poor or fair 
result, suggesting that treatment ‘safety’ was not 
very high in a surgically treated group. An RCT 
requires equipoise, meaning that treating surgeons 
as well as the patient admit that each treatment arm 
could be equally beneficial. A lack of equipoise 
could be an additional explanation of the low fre-
quency of RCTs in orthopedics. RCTs comparing 
surgical and non-surgical treatment are however 
needed in orthopedic surgery, and in the treatment 
of ACL injury.

Sample size

An a priori sample size calculation is required in 
the planning of an RCT, but nevertheless rarely 
reported (Freedman & Bernstein 1999, Halpern 
et al. 2002). A too small sample size due to e.g. 
low recruitment leads to poor statistical power 
and compromises the ability to detect meaning-
ful differences. The sample size calculation, when 
performed, provides an estimate of the number of 
patients needed to include in a trial in order to reject 
the null hypothesis with an a-priori defined power 
(commonly set to be 80%). An undersized RCT 
could produce false conclusions, mainly depending 
on the type II error where the null-hypothesis could 
not be rejected because there are too few subjects 
in each group. An undersized RCT may thus be of 
less value than an observational study. A report on 
the unethical conduct of underpowered trials was 
recently published, suggesting that investigators 
still fail to calculate appropriate statistical power 
prior to study start, or at least fail to provide such 
information in the published study report (Halp-
ern et al. 2002). The calculated sample size does 
however not take into account loss to follow-up, 
eligible patients declining RCT participation, or 
the larger number of patients needed to screen to 
identify those eligible for the trial. A translation of 
theory (sample size calculation) into clinical prac-
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tice could thus help estimate the efforts needed to 
successfully complete a clinical trial with sufficient 
power. Parameters such as the Number Needed to 
Screen (NNS) and the Number Needed to Allocate 
(NNA), as determined from the clinical reality 
of an ongoing RCT comparing surgical and non-
surgical treatment, could help in the planning of 
future studies. The use of such ratios could help an 
investigator to estimate the efforts needed to recruit 
subjects in order to reach a sufficient sample size 
for a future trial. 

EBM of treatment after ACL injury

The MeSH-term ‘anterior cruciate ligament’ iden-
tified 5675 publications in PubMed in October, 
2007 (http://www.ncbi.nlm.nih.gov/sites/entrez). 
However, according to a recent systematic review 

of RCTs comparing surgical and non-surgical 
treatment from the Cochrane Collaboration (Linko 
et al. 2005) (www.thecochranelibrary.com) there 
were only two reports from RCTs (Sandberg et al. 
1987, Andersson et al. 1991). Both were found to 
be of poor methodological quality. The study from 
Andersson et al. (Andersson et al. 1991) received 
an overall methodological assessment score of 1 
on a ten graded scale where 10 was the maximum 
score. Nevertheless, the authors concluded that: 
“patients with high functional demands should 
be treated by primary ACL repair and augmenta-
tion”. The study by Sandberg et al. (Sandberg et 
al. 1987) received a score of 3 on the same scale. 
None of these studies showed differences between 
surgical and non-surgical treatment with regard to 
return to ordinary daily activities or sports activ-
ity, knee function or satisfaction with treatment. 
The authors of the systematic review concluded 
that there is no, and has never been, any evidence 
to determine whether surgery or non-surgery 
should be the treatment of choice for subjects 
with an ACL injured knee (Linko et al. 2005). In 
support of the Cochrane review, no long term dif-
ferences of OA development were found between 
ACL injured knees treated with or without sur-
gery in a recent analysis of the literature on OA 
development after ACL injury (Lohmander et al. 
2007) (Figure 3). 

Outcomes after ACL injury

Mechanical stability

As stated above, instability was early found to be 
the major limiting factor for activity after ACL 
injury and A-P laxity was a frequently used out-
come of treatment of these injuries. Manual tests of 
A-P laxity, such as the Lachmann test or the ante-
rior drawer test are still frequently reported (Som-
merlath et al. 1991, Grontvedt et al. 1996, Eriksson 
et al. 2001a, Eriksson et al. 2001b, Laxdal et al. 
2005, Laxdal et al. 2007). Instrumental tests, such 
as the KT 1000 or KT 2000 (Hirokawa et al. 1992, 
Huber et al. 1997) and the Stryker Knee Laxity 
Tester® (OSI Stryker, Kalamazoo, MI, USA) were 
suggested to be more objective measurements of 
knee laxity. However, as these tests are performed 
at rest only static stability of the relaxed knee is 

Figure 3. Scattergram of the proportion of individuals with 
radiographic osteoarthritis (OA) plotted against time after 
ACL injury or reconstructive surgery. Each data point rep-
resents a data set from 1 of 127 individual publications. 
The different radiographic assessment methods were 
translated into the Kellgren and Lawrence criteria, using 
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assessed and the association between static insta-
bility and knee stability in activity is not well docu-
mented.

Knee scoring systems

The Cincinnati knee scoring scale (Noyes et al. 
1989) and the Lysholm score (Lysholm & Gill-
quist 1982) are historically the most frequently 
used outcomes of knee function after ACL injury. 
Both scores are assessor reported, an administra-
tion mode shown to introduce bias when applied 
in patients with ACL injury (Hoher et al. 1997, 
Roos 2001). The cut-off for good/excellent results 
according to the Lysholm score was revised from 
77 to 84 points (best possible is 100) in 1985 
(Tegner & Lysholm 1985) although previously both 
cut-offs were used. The Cincinnati knee ligament 
rating system includes physical examination and 
instrumented testing as well as a four-part evalua-
tion format to assess symptoms and function where 
an overall grade is defined by the lowest score in 
any individual category. Static instability at clini-
cal examination is likely to have a major impact on 
the final grading of this scale.

The International Knee Documentation Com-
mittee (IKDC) was formed by members of the 
American Orthopedic Society for Sports Medicine 
(AOSSM) and the European Society of Sports 
Traumatology, Knee surgery and Arthroscopy 
(ESSKA). IKDC developed a scoring system, 
specifically to be used in the assessment of ACL 
injured knees (Hefti et al. 1993), covering four 
problem categories: subjective (patient relevant) 
assessment; symptoms; Range of Motion (ROM); 
ligament examination (Irrgang et al. 1998). The 
worst grading within one category determines the 
category grade and the worst category grade classi-
fies the final evaluation (IKDC-final). The presence 
of static instability upon clinical assessment would 
determine the final IKDC grading.

The Knee injury and Osteoarthritis Outcome 
Score (KOOS) (Roos et al. 1998a, Roos et al. 
1998b) is a self-reported patient relevant outcome 
of knee function including the items of the Western 
Ontario and McMaster Universities Osteoarthritis 
Index (WOMAC) (Bellamy et al. 1988). The 
KOOS is validated for different orthopedic proce-
dures such as ACL reconstruction, meniscectomy 
and knee OA (Roos et al. 1998a, Roos et al. 1998b, 

Roos et al. 1999). KOOS assesses the patients’ 
perspectives of pain, symptoms, activities of daily 
living (ADL), sports & recreation, and knee related 
quality of life (QOL). One important difference 
between the KOOS and other scoring systems 
is that each separate dimension of knee function 
including knee related quality of life are presented 
individually. According to the user’s guide a nor-
malized score from 0 to 100, where 100 is the best 
possible result, is given separately for each sub-
scale (www.koos.nu).

Activity level

The Tegner scale was published in 1985 as an 
assessor-reported outcome for evaluation of activ-
ity level in subjects suffering from anterior cruciate 
ligament (ACL) injury, and has been widely used 
also in evaluation of other knee injuries (Tegner & 
Lysholm 1985). The Tegner scale is increasingly 
used as self-reported by patients (Voloshin et al. 
2003, Mithoefer et al. 2006, Herrlin et al. 2007, 
Kostogiannis et al. 2007) but several recent pub-
lications have not described the collection mode 
(Barrett et al. 2005, Marder et al. 2005, Gobbi & 
Francisco 2006, Karataglis et al. 2006, Asik et al. 
2007, Laxdal et al. 2007, Thomee et al. 2007). We 
could, however, not find any study supporting the 
use of the Tegner scale as a self-reported outcome. 
Soccer is represented at three different levels of 
the Tegner scale: Tegner level 10 is equivalent to 
national level; Level 9 to competitive level; and 
level 7 to recreational level. Competitive soccer 
(level 9) is a wide concept including all divisions 
below the national league and individual interpre-
tation of this level could vary. Self-reported Tegner 
scores could be influenced by level of competition 
(division) but we have not found any studies evalu-
ating this possibility.

The Activity Rating Scale (ARS) was presented 
in 2001 as an alternative to the Tegner scale (Marx 
et al. 2001). This scale assesses the frequency of 
four specific activities: running; cutting; decel-
erating; pivoting, performed during the past year 
and was thus suggested to measure activity (what 
patients are doing) as an alternative of their health 
status (how patients are doing). Use of this scale 
in clinical trials has to our knowledge not yet been 
reported.
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Magnetic resonance imaging – MRI

Magnetic resonance imaging (MRI) has made it 
possible to visualize the knee joint non-invasively. 
Arthroscopy is still considered to be gold stan-
dard and some authors have reported arthroscopy 
to be superior to MRI for diagnostic use in acute 
knee injuries (Lundberg et al. 1996, Smith 1996). 
Conversely, other studies suggested that MRI is as 
accurate as arthroscopy in detecting ligament and 
meniscal lesions in the knee joint (Munshi et al. 
2000, Fritz 2003, Winters & Tregonning 2005). In 
addition, authors have advocated that an MRI often 
makes it possible for the orthopedic surgeon to 
avoid unnecessary surgical procedures (Rangger et 
al. 1996, Rappeport et al. 1996, Vincken et al. 2002). 
MRI performed in knees with uncertain diagnosis 
after injury was shown to improve patient satisfac-
tion as well as patient management (Mackenzie et 
al. 1996, Muellner et al. 1999, Munshi et al. 2000, 
Frihagen et al. 2002). The use of MRI would most 
likely enhance diagnosis of acute knee injuries and 
could probably replace diagnostic arthroscopy in 
the acute phase of injury. In addition, MRI also 
provides the opportunity to non-invasively evalu-
ate and re-evaluate the development of osseous, 
chondral, ligamentous and meniscal injuries of the 
injured knee over time.

In recent years, new and validated techniques 
of computer-assisted analysis of MR images have 
emerged. These methods were proven to be par-
ticularly powerful when quantitative metrics as 
continuous variables were derived from serial MR 
images, using image segmentation and analysis 
algorithms (Peterfy 2002, Burstein & Gray 2003, 
Eckstein & Glaser 2004, Gray et al. 2004). The use 
of this new technique offers new opportunities to 
quantify and regionalize traumatic bone marrow 
lesions (BML) and to monitor their development 
over time. In addition, joint fluid (JF) volumes and 
cartilage-related measures such as volume, thick-
ness and surface area can be quantified non-inva-
sively.  

Consequences of acute ACL injury

Short term (i.e. within 1–2 years)

As stated above, mechanical instability was shown 
to be the major cause of disability the first years 

after injury and has been the subject of interest 
since the days of Ivar Palmer (Palmer 1938). Insta-
bility increases the risk of ‘give way’ episodes in 
activity, suggested to elevate the risk of secondary 
meniscal injury. A successful ACL reconstruction 
will restore or at least reduce instability in activity 
and possibly also reduce the frequency of second-
ary meniscal injuries in the long term (Meunier et 
al. 2007). Few would dispute the fact that an ACL 
reconstruction will stabilize the knee and instabil-
ity is therefore the main indication for surgical 
treatment. Notwithstanding, some of the subjects 
treated with ACL reconstruction do not function 
well two years after treatment, indicating that 
reduced instability does not resolve all problems 
following this type of injury. Pain, swelling and 
locking are other factors suggested to be associ-
ated with the early phase of ACL injury (Tegner 
& Lysholm 1985), although the frequency of such 
manifestations is not well understood. It is possible 
that additional associated injuries were not previ-
ously detected or may have been disregarded in the 
assessment of acutely ACL injured knees. 

Long term (more than 5 years)

The relation between good short term outcome and 
good long term outcome is unclear and the pos-
sibility of a good short term outcome (e.g. return 
to sports) as compromising a good long term 
outcome (e.g. osteoarthritis) must be considered. 
Every second ACL injured knee will develop radio-
graphic signs of knee OA although the reported 
rate varies between 10 and 90% (Lohmander & 
Roos 1994, Gillquist & Messner 1999, Myklebust 
& Bahr 2005, Lohmander et al. 2007). The wide 
range of OA frequency is partly explained by the 
different methods used for grading radiographic 
OA. The lack of standardization of image acqui-
sition and assessment are also likely reasons. In 
a recent review, 127 individual reports of follow-
up after ACL injury published from the 1970s to 
2007 were included (Lohmander et al. 2007). No 
evidence was found for a difference between surgi-
cally and non-surgically treated subjects, indicat-
ing a lack of difference between treatments in their 
ability to prevent development of OA (Figure 3). 
Further, knee related quality of life and knee symp-
toms according to KOOS deteriorated already 2 
years after injury or reconstruction regardless of 
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treatment (Lohmander et al. 2007). Maybe the urge 
for good short term outcome combined with an 
athlete’s attempt to return to competition as early 
as possible creates intra-articular environments 
predisposing for OA, leading to negative long term 
outcomes (Dahlberg et al. 1994, Beynnon et al. 
2005).

In summary, an ACL injury increases the risk 
of joint instability in the short term and OA in 
the long term. An ACL reconstruction can reduce 
mechanical instability but does not seem to reduce 
the risk of OA development associated with the 
injury. Possibly, ACL surgery reduces the risk of 
secondary meniscal lesions (Meunier et al. 2007), 
suggested to be a substantial risk factor for OA 
development (Lohmander et al. 2007, Meunier et 
al. 2007). However, this possibility needs to be 
confirmed by future studies. 

Non-surgical treatment can reduce instability in 
activity although the influence of rehabilitation in 
static instability is not clear. However, non-surgical 
treatment will allow a possibility of spontaneous 
healing of the ACL (Kurosaka et al. 1998, Fuji-
moto et al. 2002, Boks et al. 2006). There are very 
few recent reports of the outcome after non-surgi-
cal treatment (Myklebust et al. 2003, Kostogiannis 
et al. 2007) and little evidence has been presented 
in support of a reduction in the frequency of long-
term knee OA. 

The traumatic event and the acute phase of ACL 
injury could partly explain the increased risk of OA 
development regardless of treatment (Lohmander 
& Roos 1994, Lohmander et al. 2007). A high 
quality RCT that monitors both short- and long-
term outcomes may improve our understanding of 
this clinically relevant problem. 
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General aims

The overall aim of the work presented in this thesis 
was to evaluate the incidence, outcome and early 
consequence (i.e. within the 1st year) of acute ACL 
injury of the knee by performing a treatment RCT 
comparing surgical and non-surgical treatment. 

Specific aims

The specific aims of this thesis were:
• To determine the incidence of ACL injury in the 

general population.
• To describe the agreement between the initial 

clinical examination and an ACL tear as visual-
ized on MRI.

• To provide methodological support for design 
and conduct of an RCT comparing surgical and 
non-surgical treatment by explaining and quanti-
fying:
– the Number of patients Needed to be Screened 

(NNS),

Objectives

– the Number of patients Needed to be Allocated 
(NNA),

 in order to include the required number of 
patients into an RCT on surgical versus non-sur-
gical treatment of acute ACL injuries.

• To investigate if self-reported activity level or 
knee function was influenced by:
– person characteristics (i.e. age, gender, BMI, 

and level of competition),
– self-reported history of knee injury.

• To map fractures and meniscal injuries in the 
acutely ACL injured knee by MRI.

• To map the location and volume of traumatic 
bone marrow lesions (BML) in the acutely ACL 
injured knee using MRI.

• To, in the ACL injured knee, investigate the 1st 
year’s morphometric development of:
– joint fluid,
– traumatic BML,
– cartilage.

• To investigate risk factors for morphometric joint 
changes over the 1st year after ACL injury.
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Subjects presented in this thesis were either allo-
cated through the recruitment process (paper I–II), 
as a control group (paper III) or as included sub-
jects in the KANON study (paper IV and V). This 
RCT was approved by the ethics committee in 
Lund 2001 (LU535-01) and is registered in Cur-
rent Controlled Trials (ISRCTN 84752559, http://
www.controlled-trials.com). 

 

Acutely ACL injured subjects – a 
challenge to identify

In the Swedish national health care system, the 
orthopedic emergency room (ER) at the local 
hospital or the local primary health care unit is 
the primary instance for medical assistance after 
acute knee injury. Routinely, severe knee injuries 
assessed at the primary health care unit are referred 
to the orthopedic ER at the local hospital for fur-
ther handling. The orthopedic ER is mainly staffed 
with residents or interns and only in rare cases with 
experienced orthopedic surgeons.

The KANON study was designed to assess 
the treatment of acute ACL injuries and an early 
diagnosis was essential for the realization of the 
RCT. In addition, the aim was to identify all ACL 
injured knees during the recruitment phase as we 
would otherwise risk inclusion of only symp-
tomatic ACL injuries. A rotational knee trauma 
combined with a rapid effusion is a good indica-
tor for ACL tear even if no clinical instability is 
detected at physical examination (Gillquist et al. 

Subjects and Methods

1977, DeHaven 1980, Noyes et al. 1980, Butler 
& Andrews 1988). The department of orthopedics 
at Helsingborg Hospital in Sweden implemented 
a sub-acute routine MRI assessment of such trau-
matic knee injuries in 2000. Physically active 
individuals regardless of age, with an acute rota-
tional trauma to the knee combined with a rapid 
knee effusion were referred to a sub-acute MRI 
examination via the orthopedic ER. This proce-
dure replaced the traditional radiographic exami-
nation if no fracture was clinically suspected. All 
subjects handled this way in 2002 were included 
in paper I (Table 1).

The KANON study

The KANON study was performed at two sepa-
rate orthopedic centers (Helsingborg hospital and 
Lund University hospital) where slightly different 
screening strategies were used in the recruitment 
of subjects.

In Helsingborg, the strategy described above 
was used to screen subjects eligible for inclusion 
in the RCT. The MRI referral was electronically 
forwarded to the department of radiology where 
a secretary was asked to announce all patients 
aged between 18–35 years to the study nurse. All 
patients reported this way entered the screening 
group (paper II), and their medical records were 
reviewed. Those meeting criteria for eligibility 
(Figure 4) were scheduled for a baseline/screening 
visit (visit 0). 

Table 1. Patient characteristics for all subjects included in this thesis and study design

Paper Subjects Age ACL injury Type of study
 N (Men / Women) mean (SD) n (% of N) 
    
I 159 (102 / 57) 27.8 (11.0) 89 (56%) Retrospective case series
II 162 (125 / 37) 25.7 (4.9) 144 (89%) Randomized controlled trial
III 188 (123 / 65) 21.6 (3.7) 16 (9%) Cross sectional
IV 121 (89 / 32) 25.6 (4.9) 121 (100%) Cross sectional 
V 58 (42 / 16) 26.7 (4.7) 58 (100%) Prospective cohort
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In Lund, MRI availability was a severely limiting 
factor. All patients with a rotational knee trauma 
combined with a rapid effusion seen at the orthope-
dic ER were scheduled for a clinical follow-up visit 
at the orthopedic department within 1–2 weeks. I 
personally assessed all subjects scheduled for this 
visit and if general criteria for eligibility were met 
(Figure 4), the visit was extended into a baseline 
visit (Visit 0). 

In total 642 subjects were screened for eligibility 
in the KANON study (Figure 5).

Baseline visit (visit 0)

Prior to clinical examination, a history of knee 
injury and/or knee surgery, medication, and pres-
ence of any general systemic disease relevant to 
the trial was collected. Age, gender, social status, 
education, working status, activity at injury and 
general activity level was collected using self 
administered questionnaires. At this first visit, all 
patients (n=255) were assessed clinically by me 

  General criteria for eligibility

1. Age 18–35 at entry.
2. An activity level of 5–9 on the Tegner activity rating 

scale prior to injury (Tegner et al. 1985).
3. A not more than 4 weeks old trauma to the knee.
4. An ACL insufficiency as determined by clinical exami-

nation (positive pivot shift and/or positive Lachmann 
test). The ACL injury can be either “isolated” or com-
bined with a clinically assessed MCL injury grade I–II.

5. None of the following features isolated and/or in 
combination:
a. Earlier major knee injury to the index knee (ACL or 

PCL injury, patella dislocation or fracture).
b. Previous knee surgery (other than diagnostic 

arthroscopy) to index knee.
c. Associated PCL injury or MCL/LCL injury grade III 

in index knee.
d. Concomitant severe injury to contra- lateral knee 

at the time of assessment (i.e. ACL or PCL injury, 
patella dislocation or fracture).

e. Injury to the lateral/posterolateral ligament complex 
with significantly increased laxity.

f. Pregnancy.
g. A history of deep vein thrombosis (DVT) or a disor-

der of the coagulative system.
h. Claustrophobia.
i. General systemic disease affecting physical func-

tion, any other condition or treatment interfering 
with the completion of the trial, including patients 
with metal devices or motion disorders.

j. Systemic medication/abuse of steroids.

Figure 4. Criteria for eligibility in the KANON study.

personally. Patient history was collected and hem-
arthrosis was aspirated by arthrocentesis, if not 
already performed at the ER. Laxity was assessed 
by the Lachmann test and, when possible in the 
acute phase, the Pivot shift test. Patients eligible 
for inclusion received information about the RCT. 

Randomization and intervention allocation 
procedure

An MRI scan was performed at the randomization 
visit (visit 1). A total ACL rupture as visualized 
by MRI (Figure 6) verified the clinically detected 
A-P laxity and thereby confirmed the presence of 
an ACL tear. Randomization was done prior to the 
MRI scan for clinical logistic reasons and patients 
could thus be excluded post randomization but prior 
to the fulfillment of treatment allocation (Figure 
5). Any surgical intervention was performed 4–6 
weeks post randomization. In a few cases patients 
were excluded at the time of surgery due to find-
ings consistent with exclusion criteria for eligible 
patients (Figure 7). All patients were allocated to a 
rehabilitation clinic engaged in the study.

Patient information

Patients fulfilling inclusion criteria all received the 
same written and verbal information, and the tele-
phone number to the investigator (myself) for ques-
tions related to the RCT. A video tape with patient 
information (described below) was used through-
out the study and was distributed to all patients 
fulfilling inclusion criteria. To ensure sufficient 
time for consideration, none of the patients were 
allowed to agree on participation at visit 0. How-
ever, two patients, both males, declined to receive 
patient information and thus refused to take part in 
the RCT already at the baseline visit. Neither one 
of them wanted to take the risk of undergoing any 
kind of surgery. Answers about willing/not willing 
to take part in the RCT were obtained by telephone 
by the RCT study nurse. None of the patients 
included in this RCT agreed to participate on the 
same day as the information was administrated; the 
average time between receiving information and 
calling the study nurse was 3 (1–13) days. 

Video recorded patient information 

Prior to study start a videotape, approximately 
10 minutes long, was recorded. First, a randomly 
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General criteria:
• More than 4 w since trauma, n=73
• Too young/old, n=22/22
• Too high/low activity level, n=11/19
• No ACL injury, n=153
• Previous knee injury, index knee, n=61
• MCL/LCL injury grade III, n=15
• Fracture, n=6
• Other, n=5

General criteria:
•  More than 4 w since trauma, n=6
•  Too young, n=1
•  Too high/low activity level, n=1/4
•  No ACL injury, n=27
•  Previous knee injury, index knee, n=3
•  MCL/LCL injury grade III, n=16
• Other, n=1

Screened for eligibility
N=642

Not eligible
n=387

Eligible for inclusion
n=196

Declined participation
n=55

Randomized
n=141

Included in RCT
n=121

Surgical treatment
n=62

Non-surgical treatment
n=59

Control group of amateur
soccer players

n=188

Excluded
n=20

Assessed at baseline
(visit 0)
n=255

Not eligible
n=59

Reason: 
•  Not willing to undergo conservative treatment, n=10
•  Not willing to undergo surgical treatment, n=30
•  Not willing to participate in scientific trial, n=15

Excluded after MRI / arthroscopy:
•  No ACL injury, n=9
•  Repairable meniscal injury, n=8
•  Not fresh ACL rupture, n=1
•  MCL injury grade III (total rupture), n=2

Sub-acute MRI in 88% (n=134)
•  88% intact ACL, n=120
•  4% old ACL rupture, n=5
•  8% ACL rupture, n=9

Sub-acute MRI in 85% (n=23)
•  100% intact ACL, n=23

Figure 5. Flow chart over the recruitment process of the KANON study. Roman numerals indicate from what level of the 
recruitment phase the material for each paper was collected.

selected patient, not included into the RCT, with a 
fresh ACL tear was interviewed and video recorded 
throughout a clinical visit. The function and local-
ization of the ACL was described to the patient 
using a knee model. Secondly, a sequence was 
recorded at the physical therapist’s office where 
the rehabilitation procedure was summarized. 
Finally, the videotape ended with a panel of three 
experienced orthopedic surgeons discussing sur-
gical and non-surgical treatment of ACL injuries. 
Throughout this panel discussion scientific evi-
dence and clinical opinions for and against the two 
treatment options were presented. These surgeons 
subsequently operated on patients participating in 
the RCT. Figure 6. A total ACL rupture as visualized on MRI 

(arrow).
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Included subjects and loss to inclusion

The recruitment process of the KANON study 
ended in June 2006. In the first phase, 387 sub-
jects were considered not eligible for inclusion in 
the RCT for various reasons (Figure 5). Of those, 
153 were considered not to have an ACL injury 
after a thorough assessment of medical charts from 
the orthopedic ER. At the sub-acute MRI routine, 
89% (136) of those had a sub-acute MRI exam of 
the injured knee revealing that this assumption 
was correct in 88% (120) of the cases and proven 
wrong only in 8% (9), respectively. The MRI pro-
tocol was not found for the remaining 7 knees. In 
the second phase, where a clinical examination 
was performed, 59 patients were considered not to 

be eligible for the study. Of those, 27 knees were 
not eligible due to lack of A-P laxity. Sub-acute 
MRI of 85% (23) of these injured knees confirmed 
an intact ACL in 100% (23) and the remaining 
four were not assessed by MRI. Thus, 196 patients 
met inclusion/exclusion criteria and were found 
eligible for inclusion in the RCT. Approximately 
every fourth eligible subject (55) declined partici-
pation where an unwillingness to undergo surgery 
was the most frequent reason (30) (Figure 5). Fur-
thermore, clinical assessment was proven wrong 
in 6% (9/141) of the knees where MRI found an 
intact ACL in a knee assessed as clinically unsta-
ble. Consequently, 121 subjects were included in 
the KANON study (paper IV), 62 randomized to 
surgical treatment and 59 to non-surgical treatment 
(Figure 5). Paper II assessed all subjects screened, 
allocated and included in the KANON study at the 
time when 102 subjects were included (Table 1). 
Further, a sub group of 58 individuals, 34 surgi-
cally treated and 24 non-surgically treated, were 
followed intensively (Figure 1) with MRI during 
the first year after injury (paper V).

Control group similarity – necessary for 
adequate comparison

Reference data for the primary outcome in the 
KANON study (KOOS) was available for both pop-
ulation based controls (Paradowski et al. 2006) and 
ACL injured subjects (Thomee et al. 2007). How-
ever, 99% of the subjects included in the KANON 
study were injured in sports and were either com-
petitive or recreational athletes. These subjects had 
a higher activity level than the normal population, 
possibly a better knee function and they could be 
more prone to disregard symptoms from their knee 
in order to be able to compete. In paper I, we found 
that more than 70% of all acute knee injuries were 
sustained during soccer play and in the KANON 
population approximately 60% were injured while 
playing soccer. For comparison we included a con-
trol group of competitive amateur soccer players 
(paper III). Here, the first senior team of 10 differ-
ent soccer clubs (six male and four female) play-
ing at different competitive levels (divisions) were 
selected, contacted and included in the study. All 
subjects were currently active players taking part 

  Exclusion criteria for eligible patients

1. One of the following associated injuries to the index 
knee as visualized on MRI and/or arthroscopy:
a. An unstable longitudinal meniscus tear that 

requires repair and where the following postop-
erative treatment (i.e. bracing and limited ROM) 
interferes with the rehabilitation protocol.

b. Bi-compartmental extensive meniscus resections.
c. A cartilage injury representing a full thickness loss 

down to bone.
d. A total rupture of MCL/LCL as visualized on MRI.

  Inclusion criteria for eligible patients

1. An ACL insufficiency as determined by clinical exami-
nation (positive pivot shift and/or positive Lachmann 
test) AND a complete ACL tear as visualized on MRI. 
The ACL injury can be either ”isolated” or combined 
with one or several of the following injuries visualized 
on MRI and/or arthroscopy:
a. A meniscus tear that is either left untreated or 

treated with a partial resection.
b. A small, stable meniscus tear treated with fixation, 

but fixation not interfering with the rehabilitation 
protocol.

c. Cartilage changes verified on MRI but with 
arthroscopically determined intact surface.

2. A radiographic examination with normal joint status or 
combined with either one of the following findings:
a. A small avulsed fragment located laterally, usually 

described as a Segond fracture.
b. JSN grade 1 or osteophytes grade 1 as determined 

by the OARSI atlas (Altman et al. 1995).

3. Agreement to participate in the study and signed 
informed consent prior to inclusion.

Figure 7. Inclusion and exclusion criteria for patients eli-
gible for inclusion in the KANON study.

24 TREATMENT AND OUTCOME OF ANTERIOR CRUCIATE LIGAMENT INJURY

Included subjects and loss to inclusion

The recruitment process of the KANON study 
ended in June 2006. In the first phase, 387 sub-
jects were considered not eligible for inclusion in 
the RCT for various reasons (Figure 5). Of those, 
153 were considered not to have an ACL injury 
after a thorough assessment of medical charts from 
the orthopedic ER. At the sub-acute MRI routine, 
89% (136) of those had a sub-acute MRI exam of 
the injured knee revealing that this assumption 
was correct in 88% (120) of the cases and proven 
wrong only in 8% (9), respectively. The MRI pro-
tocol was not found for the remaining 7 knees. In 
the second phase, where a clinical examination 
was performed, 59 patients were considered not to 

be eligible for the study. Of those, 27 knees were 
not eligible due to lack of A-P laxity. Sub-acute 
MRI of 85% (23) of these injured knees confirmed 
an intact ACL in 100% (23) and the remaining 
four were not assessed by MRI. Thus, 196 patients 
met inclusion/exclusion criteria and were found 
eligible for inclusion in the RCT. Approximately 
every fourth eligible subject (55) declined partici-
pation where an unwillingness to undergo surgery 
was the most frequent reason (30) (Figure 5). Fur-
thermore, clinical assessment was proven wrong 
in 6% (9/141) of the knees where MRI found an 
intact ACL in a knee assessed as clinically unsta-
ble. Consequently, 121 subjects were included in 
the KANON study (paper IV), 62 randomized to 
surgical treatment and 59 to non-surgical treatment 
(Figure 5). Paper II assessed all subjects screened, 
allocated and included in the KANON study at the 
time when 102 subjects were included (Table 1). 
Further, a sub group of 58 individuals, 34 surgi-
cally treated and 24 non-surgically treated, were 
followed intensively (Figure 1) with MRI during 
the first year after injury (paper V).

Control group similarity – necessary for 
adequate comparison

Reference data for the primary outcome in the 
KANON study (KOOS) was available for both pop-
ulation based controls (Paradowski et al. 2006) and 
ACL injured subjects (Thomee et al. 2007). How-
ever, 99% of the subjects included in the KANON 
study were injured in sports and were either com-
petitive or recreational athletes. These subjects had 
a higher activity level than the normal population, 
possibly a better knee function and they could be 
more prone to disregard symptoms from their knee 
in order to be able to compete. In paper I, we found 
that more than 70% of all acute knee injuries were 
sustained during soccer play and in the KANON 
population approximately 60% were injured while 
playing soccer. For comparison we included a con-
trol group of competitive amateur soccer players 
(paper III). Here, the first senior team of 10 differ-
ent soccer clubs (six male and four female) play-
ing at different competitive levels (divisions) were 
selected, contacted and included in the study. All 
subjects were currently active players taking part 

  Exclusion criteria for eligible patients

1. One of the following associated injuries to the index 
knee as visualized on MRI and/or arthroscopy:
a. An unstable longitudinal meniscus tear that 

requires repair and where the following postop-
erative treatment (i.e. bracing and limited ROM) 
interferes with the rehabilitation protocol.

b. Bi-compartmental extensive meniscus resections.
c. A cartilage injury representing a full thickness loss 

down to bone.
d. A total rupture of MCL/LCL as visualized on MRI.

  Inclusion criteria for eligible patients

1. An ACL insufficiency as determined by clinical exami-
nation (positive pivot shift and/or positive Lachmann 
test) AND a complete ACL tear as visualized on MRI. 
The ACL injury can be either ”isolated” or combined 
with one or several of the following injuries visualized 
on MRI and/or arthroscopy:
a. A meniscus tear that is either left untreated or 

treated with a partial resection.
b. A small, stable meniscus tear treated with fixation, 

but fixation not interfering with the rehabilitation 
protocol.

c. Cartilage changes verified on MRI but with 
arthroscopically determined intact surface.

2. A radiographic examination with normal joint status or 
combined with either one of the following findings:
a. A small avulsed fragment located laterally, usually 

described as a Segond fracture.
b. JSN grade 1 or osteophytes grade 1 as determined 

by the OARSI atlas (Altman et al. 1995).

3. Agreement to participate in the study and signed 
informed consent prior to inclusion.

Figure 7. Inclusion and exclusion criteria for patients eli-
gible for inclusion in the KANON study.



Richard Frobell  25

in practice and competitive games regardless of 
history of knee injury. Questionnaires were dis-
tributed at a personal visit were 80% (188) of the 
invited participants attended (Table 1).

Population at risk (paper I)

In paper I the population based incidence of ACL 
injuries was investigated and population at risk 
needed to be defined. The study was performed at 
the orthopedic ER at Helsingborg hospital where 
individuals from the geographic recruitment area 
of Helsingborg hospital were expected to seek 
medical attendance. Further, ACL injuries are 
rarely found in subjects younger than ten or older 
than 65 years and population at risk should only 
include individuals within this age group. Through 
the National Population Registry, the Statisti-
cal Central Bureau (SCB) we located individuals 
between 10–65 years living within this geographic 
region. In 2002 the population at risk was 110 399 
individuals. 

Outcome and assessment tools

Knee scoring systems – paper III

Self-reported knee function was registered by the 
KOOS (Roos et al. 1998a, Roos et al. 1998b), also 
the primary outcome of the KANON study. This 
is a 42-item self-administered questionnaire with 
five separate sub-scales: pain, symptoms, activities 
of daily living (ADL), sport and recreation func-
tion (Sport/Rec), and knee-related quality of life 
(QOL). Standardized answer options are given in 
Likert boxes and each answer is scored from 0 to 
4. Sub-scale scores are given separately (a guide 
for sub-scale calculation is available at www.koos.
nu), ranging from 0 to 100 where 100 is the best 
possible result.

Activity level – papers II–V

Activity level was registered by the Tegner activ-
ity scale (Tegner & Lysholm 1985) and the Activ-
ity Rating Scale (ARS) (Marx et al. 2001). The 
Tegner scale is a numeric scale ranging from 1 to 
10 where 1 is the least strenuous activity for the 
knee and 10 is the hardest. This scale was validated 
as an assessor reported outcome in 1985 for evalu-
ation of activity level in subjects suffering from 

ACL injury and has been widely used in evalua-
tion of knee injuries. Consistent with previous 
publications we used a self-reported Tegner scale 
(Voloshin et al. 2003, Mithoefer et al. 2006, Her-
rlin et al. 2007, Kostogiannis et al. 2007). Soccer 
is represented at three different levels of the Tegner 
scale: 10 –national level; 9 – competitive level; and 
7 – recreational level. Competitive amateur soccer 
would be classified as level 9 on this scale by a 
trained assessor. 

Knee laxity – paper I

In paper I, clinical findings of A-P laxity, assessed 
at the orthopedic ER by the Lachmann test (Torg et 
al. 1976) and/or the anterior drawer test, was col-
lected retrospectively. In the KANON study, knee 
laxity was used to diagnose an acute ACL rupture 
and here all knees were assessed by the Lachmann 
test and/or the Pivot shift test. Knee laxity was not 
an outcome of any of the papers included in this 
thesis although it was used for inclusion of subjects 
in papers II, IV, and V.

Instrumental assessment of A-P laxity is per-
formed at the two year follow up of the KANON 
study using a KT 1000 arthrometer (Huber et al. 
1997) but is not an outcome used in any paper in 
this thesis.

Number Needed to Screen (NNS) and Number 
Needed to Allocate (NNA) – paper II

Number Needed to Screen (NNS) is a concept 
previously used and described in the literature 
although it was not used previously to describe a 
recruitment process of a clinical trial. The concept 
has been statistically described (Rembold 1998) 
and used in studies with radiographic assess-
ment of different diseases, presented according to 
Number Needed to Treat (NNT) analysis terminol-
ogy (Nelson et al. 2002). With the clear similari-
ties between radiological and clinical screening, 
we suggest that the use of NNS is appropriate in 
describing the screening process of a clinical trial. 
The NNS presented in paper II was calculated by 
dividing the number of patients screened for eli-
gibility with the number of patients included in 
the trial. Multiplied with the a priori determined 
sample size this product would give an estimate of 
how many patients one would need to screen in a 
trial with comparative design. 
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Further, we introduced the concept Number 
Needed to Allocate (NNA) in paper II. This concept 
is similar to NNS and has, to our knowledge, not 
been described previously. All patients eligible for 
inclusion were regarded as allocated to the RCT. 
The NNA was calculated by dividing the number 
of allocated patients with the number of included 
patients and thus provide an estimate of the number 
of eligible patients needed to include one patient in 
the RCT. When multiplied with an a priori sample 
size, this product would give an approximation of 
the total number of patients fulfilling inclusion cri-
teria necessary to allocate in a clinical trial with 
similar design as the KANON study.

MRI

Imagers and sequences – paper I, IV, and V

In paper I, subjects were assessed by MRI accord-
ing to normal clinical settings. Two different MRI 
machines were used. A 1.5 T imager (Gyroscan, 
Intera, Philips) was used with a circular polarized 
surface coil. The patients were examined with a 
T2-weighted turbo spin-echo sequence (tSEPdT2) 
and a T2-weighted turbo short tau inversion recov-
ery sequence (tSTIRT2) in the coronal and in the 
sagittal views. The sagittal sequence was perpen-
dicular to a line connecting the dorsal aspects of 
the femoral condyles and the coronal sequence was 
parallel to that line. The sequence parameters for 
the tSEPdT2 were: repetition time/echo time (TR/
TE) 3335/15–100 ms with two signals averaged, 
echo train length 8, field of view (FOV) 170 × 170 
mm, section thickness 3 mm with 0.6 mm inter-
section gap, matrix size 256 × 256 and acquisition 
time 4 min 52 s. The parameters for the tSTIRT2 
were: TR/TE 2900/60 ms with two signals aver-
aged, echo train length 4, inversion time (TI) 150 
ms, FOV 170 × 170 mm, section thickness 3 mm, 
intersection gap 0.6 mm, matrix size 256 × 256 and 
acquisition time 4 min 30 s. A proton density- and 
T2-weighted turbo spin-echo sequence (tSE PdT2) 
was done sagittally, coronally and axially on a 1.0 
T imager (Impact, Siemens) with a circular polar-
ized surface coil. The sagittal sequence was per-
pendicular to a line connecting the dorsal aspects 
of the femoral condyles, and the coronal sequence 
was parallel to that line. The sequence parameters 

for the tSEPdT2 were: repetition time/echo time 
(TR/TE) 4200/15–105 ms with two signals aver-
aged, echo train length 7, field of view (FOV) 160 
× 160 mm, section thickness 3 mm with 0.2 mm 
intersection gap, matrix size 224 × 256 and acqui-
sition time 4 min 34 s.

In papers II, IV, and V, subjects were included in 
the KANON study and thus all knees were assessed 
in the same scanner (1.5T, Gyroscan Intera, Phil-
ips) with a circular polarized surface coil. The 
MRI scans consisted of sagittal 3D Water excita-
tion FLASH with TR/TE/flip angle of 20 ms/7.9 
ms/25 degree, sagittal T2* weighted 3D GRE with 
TR/TE/flip angle of 20 ms/15 ms/50 degree. Both 
series were acquired with 15 cm FOV, 1.5 mm slice 
thickness, and 0.29 × 0.29 mm pixel size. In addi-
tion, sagittal and coronal Dual Echo Turbo Spin 
Echo (DETSE), both with TR/TE of 2900 ms/15 
ms, 80 ms, 15 cm FOV, 3 mm slice thickness with 
0.6 mm gap and  0.59 × 0.59 mm pixel size and 
sagittal and coronal STIR with TR/TE/TI of 2900 
ms/15 ms/160 ms, 15 cm FOV, 3 mm slice thick-
ness  with 0.6 mm gap and 0.29 × 0.29 mm pixel 
size were acquired.

Clinical assessment of MR images

In papers I and II, MR images were consecutively 
assessed in the normal clinical setting by one of two 
well experienced musculoskeletal radiologists.

In paper II, baseline images in the KANON 
study (141) were initially assessed for the appear-
ance of an ACL rupture in order to verify the clini-
cally detected A-P laxity and thereby confirm a 
presence of an ACL tear. Further, meniscal injuries 
and associated ligamentous injury were assessed to 
verify inclusion/exclusion criteria of the RCT and 
to provide information useful in planning surgery. 

In paper IV, a re-evaluation of all baseline 
scans was performed for all knees included in the 
KANON study (121). Here, one radiologist with 15 
years experience of knee MRI, registered and clas-
sified meniscal injuries (Khanna et al. 2001) and 
fractures blinded from other radiological, clinical 
and surgical information. Meniscal injuries were 
classified where a meniscal tear was defined as 
increased signal extending to at least one articular 
surface of the meniscal body (grade 3–4 accord-
ing to this classification) (Figure 8). Meniscal tears 
limited to either the medial or lateral meniscus were 
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categorized as uni-compartmental meniscal tears 
and tears in both the medial and lateral menisci 
were categorized as bi-compartmental tears.

Fractures were categorized into: trabecular frac-
ture; cortical depression fracture with or without 
cortical discontinuity; avulsion fracture. A trabecu-
lar fracture was defined as a line with low signal 
and parallel to the cortex, visualized on the DETSE 
sequences, and combined with a surrounding trau-
matic BML visualized on the STIR sequences 
indicating trabecular compression injury. A corti-

cal depression fracture was defined as a trabecular 
fracture combined with depressed cortical bone, 
with or without cortical discontinuity (Figure 9). 
An avulsion fracture was defined as a disruption 
of cortical bone without signs of depression where 
the avulsed fragment was dislocated. The largest 
depth and width of the cortical depression and/or 
the largest diameter of the avulsed fragment was 
measured and registered. The appearance of corti-
cal depression fractures in lateral femur (Figure 9) 
and lateral tibia (Figure 10) are presented, as well 
as an example of a knee classified as having no 
fracture (Figure 11).

In the data analyses, knees affected by at least 
one cortical depression fracture, regardless of size 
and cortical continuity, were classified as knees 
with cortical depression fractures and was consid-
ered as exposed to a strong compressive trauma. 

 
Quantitative analysis of MR images (qMRI) 
– papers IV and V

Computer assisted quantitative analysis of MR 
images is a new non-invasive method used to quan-
tify cartilage, joint fluid and BML. The method we 
have used here was performed by VirtualScopics 
Inc. (500 Linden Oaks, Rochester, NY 14625, 
USA) and was cross-validated to a method previ-
ously published (Graichen et al. 2004). 

Figure 8. A horizontal meniscal tear as visualized on MRI 
(arrow).

Figure 9. A cortical depression fracture, as visualized on MRI, located in the lateral femoral condyle in one of the knees 
assessed in this study (study id: KA1168). A line with low signal and parallel to a depressed cortex indicating trabecular 
fracture (arrow) as visualized on the proton density weighted image of the dual echo turbo spin echo (DETSE) sequence 
(left), surrounded by BML as visualized on one image of the short tau inversion recovery (STIR) sequence (right). On both 
images the depressed cortex without cortical discontinuity is visualized.
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BML

Quantification of BML was done using a combi-
nation of image analysis techniques. First, the 3D 
sagittal MRI data sets were fused into a dual pulse 

sequence MRI dataset. Secondly, the dual sequence 
was automatically segmented by a proprietary com-
puter algorithm separating all individual regions 
with unique signal and tissue boundaries condi-

Figure 10. A cortical depression fracture, as visualized on MRI, located in the lateral tibial condyle in one of the knees 
assessed in this study (study id: KA1086). A line with low signal and parallel to a depressed cortex indicating trabecular 
fracture as well as a clear impression of the cortical bone (arrow) as visualized on the proton density weighted image of 
the dual echo turbo spin echo (DETSE) sequence (left) surrounded by BML as visualized on one image of the short tau 
inversion recovery (STIR) sequence (right). On both images the depressed cortex without cortical discontinuity is visual-
ized. 

Figure 11. A knee classified as not having any fracture as visualized on MRI (study id: KA1096). A cortical depression 
of the lateral femoral condyle is noted on the proton density weighted image of the dual echo turbo spin echo (DETSE) 
sequence (left), surrounded by BML as visualized on one image of the short tau inversion recovery (STIR) sequence 
(right). However, there are no signs of trabecular fracture (black arrow). Posterior in the lateral tibial condyle, a straight 
cortical line without signs of depressions and/or trabecular fracture (white arrow) are noted on both the DETSE (left) and 
STIR (right) sequences although this area is surrounded by BML as visualized on the STIR sequence (right).
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(right). However, there are no signs of trabecular fracture (black arrow). Posterior in the lateral tibial condyle, a straight 
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STIR (right) sequences although this area is surrounded by BML as visualized on the STIR sequence (right).
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tions (Tamez-Pena et al. 1999). The automated 
segmentation was inspected and edited by expert 
technicians who identified the regions belonging to 
the femur, tibia and patella. Once the bone struc-
tures were identified and labeled, an unsupervised 
cartilage extraction algorithm was used to extract 
cartilage tissue which was edited and inspected 
for accuracy (Tamez-Pena et al. 2004). Segmenta-
tion of BML used a similar approach as in a previ-
ous study (LeGraverand et al. 2005). Here, BML 
quantification was done by mapping the segmented 
bones and cartilage tissues into a three band com-
posite data set composed of the two sagittal images 
from the dual echo and the inversion recovery 
MRI data set from the STIR acquisition. Further-
more, the dual echo data was used to compute the 
T2 values for each voxel in the image. Once the 
segmentation was mapped into the composite set, 
a computer algorithm identified all the voxels in 
the data set that had a large T2 value compared to 
bone marrow’s T2, and all the voxels that had a 
hyper-intense STIR signal inside the bone tissue. 
Highlighted voxels were presented to an expert 
radiologist assigning the regional tissue labels to 
those voxels (Figure 12). Any highlighted voxels 
not assigned to a specific BML location were con-
sidered as false positive identifications. The expert 
radiologist also had the ability to correct false nega-
tives by the use of a trace tool and match filter tool. 
The trace tool allowed the user to freely change 

the voxel by voxel classification from bone tissue 
to BML. The match filters tools was an algorithm 
based approach identifying bone voxel points shar-
ing the same signal profile as the radiologist sup-
plied sample. Once this last step was finished by 
the radiologist, the classifications of bone voxels 
into BML were entered into a computer algorithm 
and the volume of BML inside of each ROI was 
aggregated and reported. Longitudinally, BMLs 
were quantified as described above for each knee 
at each visit.

To assess reproducibility of the method, 28 scans 
were randomly selected for a re-analysis using the 
same procedure as described above. One image 
pair had a more than 2.5 times larger BML volume 
compared with the pair of second largest BML 
volume and was therefore removed from the analy-
sis. Further, almost 50% of the pairs were found 
to have zero BML volumes at both assessments. 
These pairs were all removed from the analysis 
since it was possible that they could falsely affect 
the reproducibility in favor of our method. After 
these adjustments we found large correlations for 
all regions where the mean Intra Class Correlation 
(ICC) for all regions was 0.923.

Joint fluid

Joint fluid was computed using the estimated T2 
values from the DETSE series. First, the T2 values 
were computed in each single voxel of the DETSE 

Figure 12. The appearance of bone marrow lesions (BML) as visualized on one image of the short tau inversion recovery 
(STIR) sequence (left) and the appearance of highlighted voxels of BML, derived from computer assisted algorithms using 
composite sequences, of that same slice (right).
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Figure 12. The appearance of bone marrow lesions (BML) as visualized on one image of the short tau inversion recovery 
(STIR) sequence (left) and the appearance of highlighted voxels of BML, derived from computer assisted algorithms using 
composite sequences, of that same slice (right).
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series by solving the set of linear 
equations given by the two separate 
echoes, the mono exponential model 
and the signal formation. Secondly, a 
computer algorithm highlighted each 
voxel with a T2 value similar to the 
computed T2 values within the FOV 
(Figure 13). Thirdly, an expert user 
inspected the highlighted voxels and 
assigned the appropriate identifica-
tion only to voxels truly represent-
ing joint fluid. This procedure was 
performed separately for each knee 
and each time point.

Cartilage

Metric analysis of cartilage was per-
formed following proprietary analy-
sis techniques, in part described 
previously. Baseline scans were seg-
mented using a computer assisted 
approach extracting the bone of 
femur, tibia and patella as well as the 
cartilage tissue associated with these 
regions (Kubilay Pakin et al. 2002, 
Tamez-Pena et al. 2004). Further, a 
feature-based atlas of the knee was 
used to automatically separate carti-
lage into regions of interest (Figure 
14) (Tamez-Pena et al. 2005). This 
segmentation was reproduced in the 

Figure 13. The appearance of joint fluid (JF) as visualized on one image of the short tau inversion recovery (STIR) 
sequence (left) and the appearance of highlighted voxels of JF, derived from computer assisted algorithms using compos-
ite sequences, of that same slice (right).

Figure 14. Segmentation using 
a computer assisted approach 
extracting the bone of femur, tibia 
and patella as well as the carti-
lage tissue associated with these 
regions (top). Automatic separa-
tion of cartilage into regions of 
interest using a feature-based 
atlas (bottom).
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follow-up scans using a computer algorithm. Thus, 
all the segmented components from the baseline 
segmentation were automatically tracked into the 
follow-up scans using a piece-wise mesh based 
approach (Tamez-Pena et al. 1998). The tracking 
algorithm reproduced cartilage segmentation as 
well as cartilage region definitions which then were 
controlled by an expert user to ensure accurate 
definition of all cartilage boundaries. The expert 
user control was replaced by a paired trimming 
algorithm used to remove the edges of the cartilage 
tissue and thus the need for further manual control 
was eliminated (Tamez-Pena et al. 2006). 

Bias and presentation of change in cartilage 
morphometry – paper V

In paper V, we analyzed change in cartilage metrics 
as changes occurring from 3 months as an alterna-
tive to change from actual baseline. There were 
several reasons for this procedure. As described 
above, longitudinal segmentation of cartilage was 
done using a forward tracking method. The meth-
odology is new, few publications on it have been 
presented so far. We have identified at least three 
different types of potential bias: Method bias (bM), 
Internal bias (bI) and Artifact bias (bA). First, bM 
was defined as the difference between expected 
(long term average) change when using the track-
ing algorithm and when using independent seg-
mentations as algorithm. A value of bM could 
not be estimated as the data collected was found 
insufficient. However, in a small sample analysis 
(4 knees), tracked segmentation was suggested 
to overestimate thickness and volume param-
eters compared with independent segmentation 
although with variations across regions. However, 
a more thorough analysis of bM is needed to con-
firm the validity of these findings. Secondly, bI 
was defined as the bias from differences between 
Forward and Backward tracking methodology. 
Thus, bI could be reduced by random Forward 
/ Backward tracking although such procedure 
was not performed in this study. Thirdly, bA was 
defined as the bias introduced by altered MR sig-
nals due to metal artifacts from implants and thus 
only likely to occur in knees treated with an ACL 
reconstruction. These artifacts would equally 
affect all the tracked time points but could also 
influence results when comparing the indepen-

dently segmented baseline scan (prior to surgery) 
to the tracked follow-up scans. 

By replacing the values of the actual baseline 
scan with values from the 3 months scan we believe 
that bI and bA were reduced to a minimum as all 
analyses in this study were done only on tracked 
images, surgery was already performed and conse-
quently any artifacts from implants were present at 
the time of the 3 month scan. However, bM could 
not be corrected for. Still, the dilemma from this 
source of bias is always present in studies like ours 
and results presented here are comparable to any 
other study with regard to this issue. Mean changes 
at 12 months after an ACL injury are presented in 
absolute metrics although the metric change is pre-
sented from the period of 3–12 months after ACL 
injury.

Regions of interest (ROI)

Regions of the knee were reported in conformity 
with a proposal for nomenclature in MRI studies 
of knee OA (Eckstein et al. 2006) (Figure 15). 
BML volumes were provided as described above 
for: lateral tibia (LT), medial tibia (MT), lateral 
femur, medial femur, lateral trochlea femur, medial 
trochlea femur, patellar crista, patella lateral facet, 
patella medial facet. We aggregated BML volumes 
for the lateral femur and the lateral trochlea femur 
into the lateral femoral condyle (LF), the medial 
femur and medial trochlea femur into the medial 
femoral condyle (MF) and patella crista, lateral 
and medial facet into patella (P). Furthermore, 
BML volumes for LF and MF were summarized 
into femur (F) and BML volumes for LT and MT 
into tibia (T). BML volumes of the total knee (K) 
were summarized by adding BML volumes of T, F 
and P. Additionally, LF and LT were summarized 
to form the lateral compartment and MF and MT 
to form the medial compartment.

Joint fluid was not regionalized and thus acquired 
and presented as JF volume within the entire knee 
joint. Cartilage volume (VC), cartilage thickness 
(ThCcAB) and cartilage surface area (AC) were 
acquired as described above for: Femur (F), cen-
tral lateral/medial femur (cLF/cMF), posterior 
lateral/medial femur (pLF/pMF), trochlea femur 
(TrF), lateral tibia (LT), medial tibia (MT), patella 
(P). Volume and surface area was summarized for 
medial femur (MF) by adding parameters for cMF 
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Figure 15. Anatomical labels of knee joint cartilage plates. 
Sagittal images (left row) and coronal images (right row).
Figure and figure legend from: Eckstein F, Ateshian G, 
Burgkart R, Burstein D, Cicuttini F, Dardzinski B, et al. Pro-
posal for a nomenclature for magnetic resonance imag-
ing based measures of articular cartilage in osteoarthritis. 
Osteoarthritis Cartilage 2006; 14(10): 974-83. With kind 
permission of the authors and publisher.

and pMF, lateral femur by adding cLF and pLF, lat-
eral compartment by adding LF and LT and medial 
compartment by adding MF and MT. Thickness 
was however not averaged and thus only acquired 
parameters from analyzed regions were presented.

Statistical methods

Statistical analysis of all papers in this thesis were 
made using SPSS (version 14.0 and 15.0, SPSS). 

Descriptive statistics

Means and standard deviations (SD) were cal-
culated for all continuous variables except for 

the Tegner scale, a nominal scale, where median 
(range) was reported. In paper III, the KOOS was 
calculated according to the principles in the user’s 
manual (available at www.koos.nu) and given as 
mean (SD). In paper IV, BML volumes were not 
normally distributed for any region and thus data 
were presented as median (25th, 75th percentile). 
In paper V, descriptive statistics of time between 
injury, MRI scans and surgery were given as median 
(25th, 75th percentiles) as was JF volumes since this 
variable was not normally distributed. BML vol-
umes were given as mean (SD) for all time points 
and morphometric parameters of cartilage (i.e. VC, 
ThCcAB, AC) were given as mean (SD). Mor-
phometric change of cartilage was given as mean 
change (SD), percent (mean, SD) and Standard 
Response Mean (SRM). SRM was defined as the 
mean change divided by the standard deviation of 
that change.

Between group differences and correlations 
(univariate)

In paper I, the agreement between MRI findings 
and clinical instability was calculated as the Kappa 
value of correlation (κ) (Altman 1991). In paper II, 
group comparisons of age were made using one-
way ANOVA and group comparisons of activity 
level were made by the Kruskal–Wallis test. All 
other comparisons on group level were made using 
the Chi square test. In paper III, comparisons of 
KOOS data between those reporting a history of 
minor and severe knee injury were made using the 
t-test. In paper IV, between-group analysis was 
made using the Mann-Whitney U-test except for 
age where comparisons were made using one-way 
ANOVA. The Spearman coefficient of correlation 
(rS) was used for analysis of correlation between 
variables. In paper V, factors tested for association 
with BML volume were analyzed using the Pearson 
correlation coefficient and the t-test, respectively.

Independent associations (multivariate 
models)

In paper III–V, General Linear models were used 
to determine independent associations. In paper IV, 
BML volume for separate regions of the knee joint 
was set as the dependent variable. Residual plots 
were visually analyzed to control the accuracy of 
assumptions of each model. Self-reported Tegner 
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scores were related to the classification of activ-
ity at injury (p<0.001) and only the classification 
of activity at injury (i.e. contact vs. non-contact 
sports) was used in the analyses. In paper V, factors 
tested for association with morphometric change 
were: age, sex, pre-injury activity level (Tegner 
score), ACL reconstruction (yes/no), complemen-
tary arthroscopy (yes/no), cortical depression frac-
ture (yes/no), JF volumes after 12 months (mm3) 
and persistent BML after 12 months (yes/no). JF 

volumes were logarithm transformed and analyzed 
for all above factors with adjustment for baseline 
volumes. Change in cartilage morphometry was 
correlated to baseline values for some regions and 
all factors were analyzed with adjustment for base-
line values. All factors and regions with an influ-
ence at a significance level of less than 5% were 
presented, although a significance level of 1% was 
defined as a significant relation to morphometric 
change.
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This part of the thesis summarizes the results of 
and discussions in each included paper. Details are 
found in each separate paper (I–V).

ACL injuries are common and often mis-
diagnosed in the acute phase (paper I)

Acute swelling after knee trauma – a good 
indicator of severe knee injury

A hemarthrosis was verified by aspiration in 
52% (83/159) of subjects with acute intra-articu-
lar swelling after rotational trauma to the knee. 
MRI revealed an average of 1.6 acute traumatic 
anatomic lesions per investigated knee where 89 
knees (56%) had a total or partial ACL injury and 
25 (16%) had sustained a patellar dislocation. 
Approximately 80% of subjects with knee trauma 
followed by effusion assessed at the orthopedic ER 
had knee injuries in need of further medical atten-
dance, confirming findings from previous stud-
ies (DeHaven 1980, Noyes et al. 1980, Butler & 
Andrews 1988, Sarimo et al. 2002). A history of 
injury combined with effusion within 24 hours is 
a good indicator of severe knee injury. These sub-
jects should be further assessed by MRI or, alter-
natively, a well experienced clinician regardless of 
clinical findings in the acute phase. 

Poor agreement between knee laxity 
assessed at orthopedic ER and injuries found 
on MRI

The physician at the emergency unit assessed A-
P laxity in 79 (90%) of the ACL injured knees 
found in this study, with an agreement between 
clinical and MRI findings in 50% of these knees 
(κ=0.281). In addition, the kappa value for cor-
relation between clinically detected valgus insta-
bility and MCL grade II–III as visualized on MRI 
was poor (κ=0.351) and only 3/25 (12%) patellar 
dislocations visualized on MRI were adequately 
diagnosed at clinical assessment. These findings 
contradicts previous studies showing that MRI 
could not provide any valuable information on the 

Results and Discussion

status of the ACL compared with clinical assess-
ment (Rose & Gold 1996, Adalberth et al. 1997, 
Kocabey et al. 2004). However, these studies differ 
in various important aspects from the present study 
as the clinical examination was performed by an 
experienced orthopedic surgeon in the quiet phase, 
five weeks after the knee trauma. Possibly, a selec-
tion of knees occurred already at the ER where 
only those knees with the most obvious laxity were 
scheduled for a second assessment. ACL injured 
knees assessed by the experienced orthopedic sur-
geon in the quiet phase are likely those suffering 
from severe symptoms and with great instability. 
Consequently, selection bias could be expected in 
reports from trials not reporting subjects lost to 
inclusion.

At least three-fold higher incidence of ACL 
injury

In a previous study, the population based annual 
incidence of ACL injury was suggested to be 30 
per 100 000 individuals (Nielsen & Yde 1991). 
Here, ACL injuries were classified according to 
clinical assessment and A-P laxity at the ER and 
population at risk included all individuals from the 
geographic region regardless of age. As described 
above, only one of two ACL injured knees were 
detected at clinical assessment in our own study. 
Further, ACL injuries were rarely seen in subjects 
younger than 10 or older than 65, and population 
at risk should be estimated accordingly. We esti-
mate the annual incidence of ACL injury to be 81 
per 100 000 individuals aged 10–64 years, which 
is almost three times higher than the incidence 
presented in 1991. This incidence is however most 
likely also an underestimation since ACL injuries 
predominantly occur among active individuals and 
some of the injured subjects may not have sought 
medical attendance or could have been attended to 
by other clinics. 
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An RCT of surgical versus non-surgical 
treatment is a true challenge (paper II)

Number of subjects you need to screen and 
allocate

Number Needed to Screen (NNS) found in this 
study was 5.5 patients with acute knee injury to 
include one patient into the treatment RCT. How-
ever, NNS is greatly affected by screening filter 
design and hence NNS could vary considerably 
between different trial designs. Number Needed to 
Allocate (NNA) was 1.6 patients fulfilling criteria 
for eligibility to include one patient into the RCT. 
We could not find any study presenting results 
from the recruitment process of an RCT on sur-
gical treatment and/or using the concept of NNA. 
However, hypothetical trials were reported from 
which the NNA could be extrapolated. A hypo-
thetical RCT on arthroscopic surgery in OA knees 
(Creel et al. 2005) found that 39 out of 88 patients 
were “definitely not willing” to participate in this 
RCT, which would yield an NNA of 1.8. Yet, an 
additional 30 patients in this study were “unsure or 
probably willing” to participate, bringing the NNA 
up to 4.6. In another hypothetical RCT on hormone 
therapy (Wragg et al. 2000) including only women, 
28 of 50 patients were “not willing” to participate 
in RCT providing a calculated NNA of 2.3. Halp-
ern and co-workers conducted a hypothetical RCT 
on antihypertensive drug therapy vs. placebo on 
126 patients where approximately 47% (n= 59) 
were willing to participate in the trial (Halpern 
et al. 2003). The calculated NNA for this study 
would be 2.1. The NNA of 1.6 from this reality 
RCT could be considered low, possibly depending 
on the efforts put into the design of this RCT. 

Athletes accept and self-employed decline 
participation

The two most common reasons for declining par-
ticipation in our RCT were ‘not willing to risk 
surgical treatment’ (23/41) and ‘not willing to risk 
non-surgical treatment’ (8/41). Demographic fac-
tors, such as age, race, gender and level of edu-
cation were shown to relate to patient’s willing-
ness to participate in clinical trials (Tognoni et al. 
1991, Lovato et al. 1997, Ross et al. 1999, Grant 
et al. 2000, Patel et al. 2004). However, we failed 
to confirm these findings. We assessed acute ACL 

injured subjects in the age range 18-35 years and 
it is possible that this age range was too narrow to 
detect influence of age. Still, we found that those 
self employed were more likely to decline partici-
pation and subjects injured in sports were more 
prone to accept participation in the RCT. Possibly, 
the self-employed do not prioritize the time needed 
to undergo the prolonged intense rehabilitation 
following surgical treatment or maybe they are 
irreplaceable in their small businesses. Sportsmen/
women with ACL injuries are more likely to have 
a stronger preference for surgical treatment since 
the attitude in sports medicine is pro-surgery and 
this could partly explain the differences seen in this 
study. 

Return to pre-injury activity: Does it 
reflect relief of symptoms? (paper III)

Self-reported Tegner scores need adjustment 
for age, gender and level of competition

The Tegner activity rating scale was developed and 
validated as an assessor-reported outcome (Tegner 
& Lysholm 1985), although an increasing use of 
self-reported Tegner scores was found. We show 
that older age, female gender and lowered level of 
competition, adjusted for each other, were associ-
ated with worse self-reported Tegner levels. Since 
self-report of the Tegner activity rating scale seems 
to be associated with altered measurement prop-
erties, the results of this study suggest that com-
parison of cross-sectional studies where different 
administration modes have been employed cannot 
be performed without adjustments. This is impor-
tant as the Tegner activity rating scale is frequently 
used to describe study populations. However, the 
Tegner scale is also used to assess treatment effect 
after knee injury. In our study, longitudinal infor-
mation was not obtained although, most likely, 
adjustments are needed also in longitudinal stud-
ies when comparing treatment effects to allow for 
different administration modes between studies. 
Another implication for longitudinal studies is the 
importance of keeping the same administration 
mode at all time points. One common scenario, a 
baseline clinical visit followed by mailed question-
naires, may yield a worse treatment outcome than 
if all assessments were performed by an assessor.
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Those with a history of knee injury have worse 
knee function than those without

In paper III, we found that currently active amateur 
soccer players with a history of knee injury had 
worse knee function according to KOOS than those 
without a history of knee injury, but also worse 
knee function than an age-matched population 
based group of individuals (Figure 16). The ability 
to participate in amateur soccer after knee injury 
may not automatically reflect symptom relief. On 
the other hand, poor knee function may not nec-
essarily reflect inability to participate in amateur 
soccer. Thus, it could be emphasized that return to 
amateur soccer play, a commonly used outcome in 
sports medicine, does not necessarily reflect treat-
ment success with regard to knee function or knee 
symptoms. The assessment of treatment effect 
after knee injury remains a challenge and we sug-
gest the use of separate outcomes to assess activity 
level and self-reported knee function in studies on 
treatment effects after knee injury. 
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KOOS score

Symptoms ADL Sports & Rec QOL
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No history of knee injury (n=118)
History of minor knee injury (n=26)
History of severe knee injury (n=44)

Figure 16. Mean KOOS scores (95% CI) of the subscales 
pain, symptoms, activities of daily living (ADL), Sports and 
Recreation (Sports & Rec) and knee related quality of life 
(QOL). Symbols: ● represent subjects reporting no history 
of knee injury; ▼ represent subjects reporting a history of 
minor knee injury; ■ represent subjects reporting a history 
of severe knee injury. Shadowed area (grey) represents 
95% CI of the mean of a previously published population 
based reference group (age 18–34) (Paradowski et al. 
2006), with kind permission from the authors.

The ACL rupture is only a part of the 
problem (paper IV)

Almost 2/3 of ACL injured knees are fractured  

Eighty six associated fractures were found in 73 
acutely ACL injured knees and 92 meniscal tears 
were found in 68 knees, respectively, suggesting 
that an intra-articular fracture was as common as 
a meniscal tear in the acutely ACL injured knee. 
Sixty nine (57%) of all knees suffered from at least 
one cortical depression fracture, regardless of loca-
tion and cortical discontinuity, and were grouped 
for further analyses. Reports on fractures in the 
acutely ACL injured knee are rare, most likely 
because they do not show at arthroscopic evalu-
ation or radiographs and rarely influence treat-
ment. Case-reports have presented a deep lateral 
notch sign, similar to a cortical depression frac-
ture described here (Kaplan et al. 1992, Stevens & 
Dragoo 2006), although this is to our knowledge 
the first report on the frequency of such fractures 
in ACL injured knees. Including these fractures in 
the panorama of associated anatomical injuries of 
the ACL injured knee, only some 20% of the knees 
had an isolated ACL tear, suggesting that the ACL 
injured knee actually is a traumatized knee with an 
associated ACL rupture. This could in part explain 
why an ACL reconstruction fails in reducing OA 
development.

BML volume and location

To our knowledge, this is the first report on trau-
matic BML using a quantitative MRI method. The 
occurrence of BMLs in traumatized knees is well 
described, and suggested to represent a footprint 
of the injury mechanism (Yu & Cook 1996, Hayes 
et al. 2000, Sanders et al. 2000, Palmer 2003). In 
our study, all but two knees (98%) had at least one 
BML as detected by the qMRI method. Tibia was 
affected in 117 (97%) knees, femur in 109 (90%) 
and patella in 14 (12%) knees. All but 4 knees 
(97%) had BMLs within the lateral compartment 
(i.e. femur and tibia laterally). The median BML 
volume of the total knee was 19.8 cm3, where 75% 
of the volume (14.8 cm3) was located within the 
lateral compartment.

Assessed by radiologists, some 80% of acutely 
ACL injured knees have been reported to show 
BMLs, mainly located in the lateral compartment 
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(Vellet et al. 1991, Graf et al. 1993). Our results 
are in agreement with these publications although 
we show that 98% of the knees had BML within 
the knee joint and 97% had BML in the lateral 
compartment. It is likely that our method is more 
sensitive than those used earlier. We found large 
variations of BML volume, both between subjects 
and between locations, suggesting differences in 
trauma mechanisms. However, we found no rela-
tionship between BML volume and activity at 
injury suggesting that activity at injury does not 
reflect the injury mechanism.

Large BML volumes are hallmarks of strong 
compressive forces

Knees with a cortical depression fracture had 
larger BML volumes in all regions except for the 
medial femoral condyle, after adjustment for age, 
sex, activity at injury, and time between injury and 
MRI scan. Microfractures of cancellous bone, sub-
chondral lesions, edema and bleeding in the fatty 
marrow were observed in the area of traumatic 
BML (Rangger et al. 1998). An animal study con-
firmed the presence of substantial hemorrhage and 
edema in the marrow spaces but found no evidence 
of trabecular fracture or fibrosis (Ryu et al. 2000). 
Our findings support the presence of trabecular and 
cortical fractures in areas of large BML volumes 
as visualized on MRI. We suggest that large BML 
volumes could be an indicator of strong compres-
sive forces to the articular surface and the subchon-
dral bone.

ACL reconstruction or not – it makes a 
difference (paper V)

Morphometric changes of joint fluid, BML and 
cartilage during the first year after ACL injury 
regardless of treatment

Median joint fluid (JF) volume at baseline was 
19500 (25th, 75th percentiles 9100, 31200) mm3 
and 4000 (2400, 6900) mm3 after one year. There 
was a gradual decrease over the assessment period, 
and median JF volume had decreased to 7092 
(3103, 13521) mm3 already after 3 months (Figure 
17). We have not found any previous report assess-
ing the short term development of knee effusion 
after ACL injury. JF volumes were high at baseline 
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Figure 17. Mean (95% CI) joint fluid volume (un-filled trian-
gles – dashed lines) and BML volume (filled circles – solid 
lines) development over the first year for all 58 subjects 
regardless of treatment.

even if all knees were aspirated for hemarthrosis 
in the acute phase of injury. Early aspiration of JF 
does not prevent effusion within the first 4 weeks 
of injury. A normalization of JF volumes, although 
within a wide range, was found already after three 
months where median volumes were comparable to 
JF volumes of healthy controls (data not shown). A 
slower reduction of median JF volumes continued 
until 12 months after injury indicating that some 
knees followed a different pattern or increased in 
JF volumes over the assessment period. 

There are several reports of varying quality 
assessing the development of traumatic BML after 
knee injury (Costa-Paz et al. 2001, Bretlau et al. 
2002, Roemer & Bohndorf 2002, Davies et al. 
2004), only one of them prospective (Boks et al. 
2007). In our study, all knees were affected by trau-
matic BML at baseline, where the total mean BML 
volume of the knee joint was 25923 (SD 16784) 
mm3. A gradual decrease of BML volume, simi-
lar to the development of JF volumes, was found 
over the assessment period and mean BML volume 
after one year was reduced to 3550 (SD 7596) 
mm3 (Figure 17). A complete resolution of trau-
matic BML was found in 22 (38%) knees one year 
post injury which is in contrast to the only prospec-
tive study of traumatic BML development avail-
able, where BMLs were found to persist in 28% 
of the knees after one year and where a median 
healing time of 42 weeks was suggested (Boks et 
al. 2007). The majority of knees in our study fol-
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lowed a decreasing pathway although 17 (29%) of 
the knees showed increased BML volumes at one 
or more follow-up visits, indicating heterogeneity 
within the sample.

MRI derived morphologic biomarker values of 
cartilage, as measured in this study, were reduced 
in the majority of sub-regions of ACL injured knees 
one year after ACL injury. SRMs (Mean change / 
SDMean change) were however generally small and 
for most regions no consistent change was found. 
A consistent reduction of cartilage measures was 
found in trochlea femur (TrF) where SRMs of all 
morphometric parameters were -0.588<SRM>-
0.440. This is in contrast to a study on subjects 
with symptomatic knees and radiographic evidence 
of osteophytes selected for a high risk of progres-
sive knee OA where almost no change was found 
in this region (SRM=–0.006) (Hunter et al. 2007). 
Further, a consistent increase in cartilage mor-
phometry values was found in the central medial 
femur (cMF) where SRMs for VC and ThCcAB 
were 0.477<SRM>0.567. This region was found 
to be the area of greatest consistent change of VC 
in the study by Hunter et al, although the direc-
tion of change was reversed (SRM=–0.394 versus 
SRM=0.477) (Hunter et al. 2007). The increase 
in volume of this region in our study was largely 
explained by an increase in cartilage thickness 
(SRM=0.567), suggesting a possible swelling of 
the cartilage of this specific region. Hypertrophy 
of cartilage was reported from animal studies after 
transection of the ACL and was suggested to pre-
cede the stage of cartilage breakdown (Brandt et 
al. 1991). The significance of cartilage swelling for 
future OA development remains to be determined.

ACL reconstruction is a risk factor for mor-
phometric change over the first year

After three months, knees treated with an ACL 
reconstruction had more than threefold larger JF 
volumes than knees not reconstructed, after six 
months the difference was more than twofold. No 
differences were however found after one year and 
no other factor was related to JF volumes at any 
time during the first 12 months after an ACL injury. 
In addition, knees treated with an ACL reconstruc-
tion had a mean of 4693 (434–8952, 95% CI) mm3 
larger BML volumes after six months, compared 
with knees treated without reconstruction. 

Factors associated with change in cartilage mor-
phometry were only analyzed in TrF and cMF as 
these regions were the only regions of consistent 
change. Here, ACL reconstruction was a risk factor 
for a decrease of cartilage surface area (AC) in TrF 
as well as an increase of cartilage volume (VC) 
and cartilage thickness (ThCcAB) in cMF at 12 
months, after adjustment for the 3 month values. 
No other factors were related to cartilage change 
at 12 months after an ACL injury. An un-adjusted 
graphic comparison of SRMs for the 3–12 month 
period of subjects treated with/without ACL recon-
struction is shown in Figure 18. 

Notch areas were not included in the segmenta-
tion of cartilage and any intra-operative cartilage 
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Figure 18. SRMs (Mean change / SDM) of change between 
3 and 12 months in cartilage volume VC (black bars), carti-
lage thickness ThCcAB (dark grey bars) and cartilage sur-
face area AC (light grey bars) in the central medial femur 
(top) and trochlea femur (bottom) for knees treated with 
ACL reconstruction (n=34) and without ACL reconstruction 
(n=24).
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resections would not affect the results of cartilage 
morphometric change as we compared 12 months 
values to 3 months values when surgery was 
already performed. Possibly, an ACL reconstruc-
tion performed as early as ten weeks after injury 
could introduce a traumatic insult similar to the 
traumatic episode of the injury. Hemarthrosis alone 
was shown to activate inflammatory pathways of 
the joint and was suggested as a possible risk factor 
for knee OA development (Tajima et al. 2005, 
Borsiczky et al. 2006). Possibly, intra-operative 

hemorrhage and/or intra-articular introduction of 
bone (from tunnel drilling) will amplify the normal 
molecular response of injury recovery and thus in 
part explain our findings. 

BML, effusion and change in cartilage mor-
phometry were all parameters negatively affected 
by reconstructive surgery during the first year after 
injury. These parameters could be indicators of 
structural restitution within the knee joint and a 
prolonged period of restitution in surgically treated 
knees could be suggested from our results. 
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ACL injury

The results of this thesis show that an ACL injury 
is common in the population with an annual inci-
dence of at least 81 per 100000 individuals aged 
10-64 years. In addition, it was suggested that 
every second ACL injury could be misdiagnosed 
in the acute phase. Therefore, previous studies 
on treatment efficacy could have a selection bias, 
especially if an analysis of ‘loss to inclusion’ was 
not presented. The use of MRI, or improved clini-
cal handling, in the acute phase of knee injury will 
enhance recognition of an ACL tear and probably 
double the frequency of this diagnosis. 

Treatment of ACL injury

In the short term, an ACL injury will create knee 
instability and an ACL reconstruction will reduce 
or sometimes prevent this instability (Eriksson et 
al. 2001a, Laxdal et al. 2005, Biau et al. 2007). 

General discussion

currently available treatment has been shown to 
reduce this increased risk (Lohmander et al. 2007). 
A recent publication suggests that meniscal injury 
was a major risk factor for OA development 15 years 
after ACL injury regardless of treatment (Meunier 
et al. 2007). However, it is not clear if it is the asso-
ciated meniscal injury at baseline, the development 
of a secondary meniscal injury, the meniscectomy, 
or if all of these constitute risk factors for knee OA 
development. An ACL reconstruction would most 
likely reduce the frequency of secondary meniscal 
tears and could theoretically protect against OA 
development although no such benefit has yet been 
presented (Lohmander et al. 2007). The pathogenic 
mechanisms leading to OA following traumatic 
ACL rupture are complex (Figure 19). The results 
presented in this thesis could possibly support the 
hypothesis of an association between associated 
injuries from the traumatic phase of ACL injury 
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Figure 19. Variables that influence the outcome of an injury to the ACL or menis-
cus, and the subsequent risk of OA. BMI, body mass index; OA, osteoarthritis. 
Figure and figure legend from: Lohmander LS, Englund M, Dahl, LL, Roos EM.  
The long-term consequence of anterior cruciate ligament and meniscus injuries: 
Osteoarthritis. Am J Sports Med 2007; 35: 1756-69. With kind permission of the 
authors and publisher.

Reconstructive surgery may 
improve short-term knee 
function for those suffer-
ing from severe instability in 
activity and/or repeated give-
way episodes, especially if 
extensive rehabilitation was 
insufficiently effective. Stud-
ies assessing ACL injured 
knees treated with extensive 
rehabilitation alone are few, 
although promising results 
with regard to return to pre-
injury activity level was 
recently presented (Mykle-
bust et al. 2003, Kostogiannis 
et al. 2007). High quality 
RCTs comparing surgical 
and non-surgical treatment to 
guide the clinical decisions 
are lacking (Linko et al. 2005, 
Lohmander et al. 2007). 

In the long term, an ACL 
injury is a major risk factor 
for OA development and no 
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and the risk of later OA development (Lohmander 
& Roos 1994, Lohmander et al. 2007). 

Reduction or even prevention of instability in the 
short term does not necessarily prevent knee OA 
development and both short and long term conse-
quences need to be recognized in future studies of 
treatment efficacy of ACL injury.  

Evidence based treatment of ACL injury

Introduction of a new drug is surrounded by rig-
orous regulations where superiority over placebo 
needs to be presented in at least one placebo-con-
trolled RCT, and more often several large RCTs, 
prior to approval. In addition, adverse events are 
thoroughly monitored and analyzed in such trials 
and in most cases adverse events are found to be 
of greater importance than the actual benefit from 
the drug in question. In comparison, regulations of 
knee surgery procedures are almost non-existent 
and adverse events following surgical treatment 
in orthopedics are too often not systematically 
presented. RCTs are time consuming and expen-
sive although we have, in conformity with others 
(Moseley et al. 2002), shown that RCTs comparing 
surgical and non-surgical treatment are possible to 
perform. Rigorous preparations as well as investi-
gator and patient equipoise are however needed.

Numbers Needed to Treat (NNT) and Numbers 
Needed to Harm (NNH), are two outcomes com-
monly used in RCTs but we have not found any 
study reporting these outcomes after treatment 
of ACL injured knees. NNT indicates how many 
patients would require treatment to reduce the 
expected number of cases of a defined endpoint by 
one. NNH indicates how many patients need to be 
exposed to a risk factor to cause harm in one patient 
that would not otherwise have been harmed. To use 
these measures correctly, a control group is needed 
and ‘harm’ as well as ‘success’ need to be defined 
using valid and reliable outcome measures and defi-
nitions of adverse events. In the assessment of ACL 
injuries, short term and long term outcomes do not 
necessarily correlate and a definition of treatment 
success should thus include both. If only short 
term outcomes are assessed, this should be clearly 
stated. Adverse events to be reported include but 
are not limited to ‘give-way’ episodes producing 
additional intra-articular injuries, post surgical 
complications such as arthrofibrosis, infections 

and graft harvesting site morbidity. Improved qual-
ity of future reports in line with EBM principles, 
and consensus is needed in defining treatment suc-
cess as well as treatment failure applicable to all 
subjects and regardless of treatment.

Outcomes after ACL injury, what is the gold 
standard?

As described in this thesis, instability following 
ACL injury was reported to be the main restraint 
in ACL injured subjects and has been the most fre-
quently used outcome in the assessment of treat-
ment efficacy of ACL injury. The IKDC-2000 was 
presented in 1993 (Hefti et al. 1993) and was rec-
ommended for all trials assessing the consequences 
after ACL injury. However, this scale classifies all 
subjects not treated with ACL reconstructions or 
with spontaneously healed ACL as ‘abnormal’ or 
‘severely abnormal’ based on the increased static 
A-P laxity found by the examiner. Consequently, 
results from trials including non-surgically treated 
subjects assessed by the IKDC-2000 should be 
interpreted with caution. The Lysholm knee score 
(Lysholm & Gillquist 1982) is historically the most 
frequently used outcome and includes instability in 
activity, most likely of greater value than instabil-
ity at rest. However, an individual suffering from 
frequent instability in activity, limping and walk-
ing with crutches could be classified as a good/
excellent result (85 points) according to this scale. 
In addition, both outcomes include several aspects 
of consequences after ACL injury although these 
aspects are summarized into one final score and 
the separate dimensions of valuable information 
are therefore lost.

Patient relevant outcomes, such as the KOOS and 
WOMAC, assess the individual’s own opinion of 
his/her knee and are considered as gold standard in 
drug trials. When used as intended, i.e. self-admin-
istered, these outcomes are not affected by assessor 
bias. In this thesis, we found that KOOS was not 
associated with age, gender or BMI in young ama-
teur soccer players, confirming previous reports on 
the validity of this outcome. KOOS was not related 
to self-reported activity level, verifying this out-
come’s independence from activity level, and thus 
self-reported knee function should be accompanied 
by a separate outcome assessing level of activity. In 
addition, self-reported knee function according to 
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KOOS has a poor correlation to objective measures 
of knee function (i.e. physical tests) and these two 
entities cannot be assumed to measure similar con-
cepts (Roos et al. 2007). 

Activity level and knee function after ACL injury 
are multi-dimensional issues where each aspect is 
likely to be individually important. Furthermore, 
patient relevant outcomes assess the individuals 
own opinion of his/her knee which is in contrast 
to other outcomes, such as radiography, stability, 
ROM etc, only sensitive to separate aspects of 
the disease. Possibly, self-reported and objective 
(physical performance) knee function as well as 
knee related QOL, activity level and adverse events 
could be used to form a model of responder criteria 
for future use when defining treatment success and 
failure in clinical trials of ACL injured knees.

Structural outcomes of ACL injury

Arthroscopy is considered gold standard for assess-
ment of knee injuries. However, an increasing use 
of MRI was reported, shown to be a valid and non-
invasive alternative to arthroscopy in detecting 
ligament injuries as well as meniscal lesions. Both 
methods share the limitation of examiner bias as 
the arthroscopic results are only presented to the 
orthopedic surgeon and the MR images are only 
presented to the radiologist. Published results from 
both methods are therefore strongly dependent on 
the experience and specific interest of the exam-
iner, although MRI has the advantage of a possibil-
ity of repeated evaluations by one or several inves-
tigators. Arthroscopy is a dynamic method where 
the clinical relevance as well as the mechanical 
influence of injury could be evaluated. However, 
arthroscopy is limited by the difficulty in visual-
izing the entire joint without using additional por-
tals and only the superficial structures of the joint 
can be accurately assessed. MRI on the other hand, 
provides a possibility of assessing intra-articular as 
well as extra-articular structures. 

Using MRI for assessment we show that the iso-
lated ACL tear is an infrequent phenomenon. In 
addition to meniscal tears and collateral ligament 
injuries we found that most of the acutely ACL 
injured knees have associated cortical depression 
fractures associated with large BML volumes. 
Knees with ACL injury suffer from a complex set 
of anatomical lesions and these injuries should 

therefore not be referred to simply as ACL injured 
knees. 

In studies assessing longitudinal structural 
change, MRI is favorable due to its non-invasive 
nature. However, specific sequences need to be 
used in these routines as sequences commonly used 
in the clinical setting are likely to have a low sensi-
tivity in detecting changes in cartilage morphology. 
In this thesis we have used a new, state-of-the-art 
methodology to quantify intra-articular morpho-
metric parameters, both cross-sectionally and lon-
gitudinally. This method has shown great promise 
in detecting early cartilage change suggested to be 
associated with OA development. However, one 
limitation of this method is the assessment of car-
tilage quality (i.e. collagen network, proteoglycan 
content, etc.). Delayed Gadolinium enhanced MRI 
(dGEMRIC) and T2-mapping are two separate 
methods shown to be of value in the assessment 
of cartilage structural quality. Possibly, a combined 
use of these different techniques of MRI could fur-
ther enhance the understanding of OA develop-
ment after joint injury. 

We show that BMLs persist in 60% of the ACL 
injured knees one year after injury. We also found 
a consistent reduction of cartilage morphometry 
in trochlea femur and possible cartilage swelling 
in central medial femur one year after ACL injury. 
These results are most likely the first suggesting 
early structural change in ACL injured knees. An 
ACL reconstruction performed within 10 weeks 
after injury increased volumes of joint fluid and 
BML at 6 months as compared to knees treated 
without ACL reconstruction. Further, cartilage 
reduction in trochlea femur and cartilage swelling 
in central medial femur after one year was strongly 
associated with ACL reconstruction. Possibly, all 
of these changes reflect structural restoration after 
injury which could be prolonged by the additional 
traumatic insult introduced by surgery. Return to 
strenuous activities during this period of structural 
recovery could increase the risk of both short and 
long term consequences. Further monitoring of 
these changes as well as an establishment of their 
clinical relevance is however needed. 

In summary, the truths of treatment and outcome 
after ACL injury are few, while the consequences 
are likely to be severe, both in the short and long 
term and regardless of treatment. The overall 
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quality of publications assessing treatment and 
outcome after ACL injury is poor and few strong 
conclusions can be made. On the one hand, some 
subjects probably need to be treated surgically in 
order to return to pre-injury activity although the 
timing of return to strenuous activity could be of 
great importance. On the other hand, some sub-
jects should probably not be treated by surgery due 
to increased risk of post surgical complications 

and some subjects are definitely able to return to 
their pre-injury activity level after rehabilitation 
alone. Improved quality of scientific publications, 
considerations of both short and long term con-
sequences for the individual and a correct use of 
outcomes applicable to the assessment of both sur-
gical and non-surgical treatment will enhance our 
understanding of the truths and consequences of 
anterior cruciate ligament injury.
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The KANON study continues and short term 
results from the RCT will be presented in terms of 
Intention To Treat (ITT) analysis in 2009. Adverse 
events are thoroughly monitored and will be ana-
lyzed with self-reported knee function and activity 
level in order to present the short term consequences 
of surgical and/or non-surgical treatment after ACL 
injury. Using highly specialized computer assisted 
techniques of MRI we expect to find early features 
of knee OA at the 5 year follow up, together with 
risk factors and long term consequences.

Radiographs are gold standard in the assessment 
of knee OA and we have included radiographs at 
various follow up visits throughout the KANON 
study. In addition, we have collected knee align-
ment measures at the two year follow up. MRI 
derived cartilage morphometry could be correlated 
to gold standard radiographic signs of OA, such as 
osteophytes and Joint Space Narrowing (JSN). In 

Future perspectives

addition, MR images from all visits will be re-eval-
uated with regard to fractures and meniscal injuries 
and the long term development of these structures 
will be analyzed. 

Joint fluid, serum and urine were collected from 
subjects in the KANON study. Concentrations of 
disease specific molecular biomarkers will be ana-
lyzed for association with self-reported knee func-
tion, radiographic findings and MRI at various time 
points after ACL injury. 

A common clinical problem today is to identify 
ACL injured subjects responding well to surgical 
or non-surgical treatment. However, a possibility 
to identify subjects at high risk of poor outcome 
after treatment is of even greater importance. Both 
short term and long term outcomes of the KANON 
study will be used to identify responders and non-
responders for surgical and non-surgical treat-
ment. 
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Firstly, ACL injuries are common and frequently 
misdiagnosed at the orthopedic ER in the acute 
phase. In order to find the majority of these injuries, 
a sub-acute MRI routine could be implemented 
or possibly all knees with a history of rotational 
trauma and rapid effusion should be scheduled for 
a second assessment by an experienced clinician 
regardless of clinical findings in the acute phase. 

Secondly, the ACL tear is only part of the problem. 
Apart from previously known associated injuries, 
such as meniscal tears and collateral ligament 
injuries, our results suggest that the ACL injured 
knee joint surfaces suffer from substantial com-
pressive trauma, indicated by cortical depression 
fractures and bone marrow lesions (BML). An 
ACL reconstruction may only solve part of the 
problem, which in part may explain why surgical 

Clinical implications

stabilization has failed in reducing the risk of knee 
OA development.

Thirdly, resolution of BML and the normalization 
of joint fluid volumes were slower in knees treated 
with ACL reconstruction compared with knees 
treated without surgery. We also found that an 
ACL reconstruction was a risk factor for increased 
cartilage loss in the trochlea femur and cartilage 
swelling in the central medial femur one year after 
injury. It is possible that these findings indicate 
an extended period of restitution and that an ACL 
reconstruction performed within 10 weeks from 
the trauma delays this process. Based on our find-
ings, it may be recommended that subjects treated 
with an early ACL reconstruction should not return 
to strenuous activities involving the knee within 
the first year after injury. 

Richard Frobell  45

Firstly, ACL injuries are common and frequently 
misdiagnosed at the orthopedic ER in the acute 
phase. In order to find the majority of these injuries, 
a sub-acute MRI routine could be implemented 
or possibly all knees with a history of rotational 
trauma and rapid effusion should be scheduled for 
a second assessment by an experienced clinician 
regardless of clinical findings in the acute phase. 

Secondly, the ACL tear is only part of the problem. 
Apart from previously known associated injuries, 
such as meniscal tears and collateral ligament 
injuries, our results suggest that the ACL injured 
knee joint surfaces suffer from substantial com-
pressive trauma, indicated by cortical depression 
fractures and bone marrow lesions (BML). An 
ACL reconstruction may only solve part of the 
problem, which in part may explain why surgical 

Clinical implications

stabilization has failed in reducing the risk of knee 
OA development.

Thirdly, resolution of BML and the normalization 
of joint fluid volumes were slower in knees treated 
with ACL reconstruction compared with knees 
treated without surgery. We also found that an 
ACL reconstruction was a risk factor for increased 
cartilage loss in the trochlea femur and cartilage 
swelling in the central medial femur one year after 
injury. It is possible that these findings indicate 
an extended period of restitution and that an ACL 
reconstruction performed within 10 weeks from 
the trauma delays this process. Based on our find-
ings, it may be recommended that subjects treated 
with an early ACL reconstruction should not return 
to strenuous activities involving the knee within 
the first year after injury. 



46 TREATMENT AND OUTCOME OF ANTERIOR CRUCIATE LIGAMENT INJURY

The KANON study is a large project performed 
over many years and several individuals have con-
tributed to the performance of this clinical trial. I 
wish I had the opportunity to name all of you since 
this work would never have been accomplished 
without your assistance. I greatly appreciate all 
efforts put into the completion of the KANON 
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ing me as much as possible from your never 
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a demanding mistress, now my wife knows! In 
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