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Introduction

Magneric resonance imaging has obtained a firm position in the diagnostic
evaluation of musculoskeletal abnormalities. It is, however, not widely used as a
routine examination tool in the initial examination of acute trauma of wrist, knee
and ankle. The high costs and the long duration of the examination are major
hindrances for the use of MRI in this respect. Moreover, whether MRI in acute
joint trauma is useful is a matter of debate. The issue about the yet largely unknown
potential of MRI in acute skeletal trauma has recently been brought up by Rogers,
the editor in chief of the American Journal of Radiology, stating that there is still a
lot to know and much to be learned about the potential role of MR imaging in
acute skeletal trauma (1, 2). Reports about the effect of MRI in acute knee injury on
treatment decisions are conflicting; whereas Maurer found that MRI reduced the
number of arthroscopic procedures, improved clinician diagnostic certainty, and
assisted management decisions (3), Odgaard found in 90 consecutive patients that
the MRI result changed treatment in only 6 cases and did not prevent any planned
arthroscopy (4). For the wrist the effect of early MRI after trauma has only been
studied in relation to scaphoid fractures. These studies show that MRI is very
sensitive in the detection of fractures of the scaphoid bone that are not evident on
plain radiographs (5-7), but no formal cost-effectiveness studies on this subject from
the societal perspective have been published. The effect of MRI on the management
of acute ankle injury has only been studied in children with suspected physeal ankle
fractures. Carey found that MRI changed management in 5 of 14 children with
suspected or known growthplate injury (8), however, Lohman found no change in
management after MRI examination in 60 consecutive children with suspected
ankle fracture or ankle ligament tear (9).

In this thesis we study the application of MRI in acute trauma of wrist, knee, and
ankle, evaluating its potentials, its effects, and its costs. Our aim was to use MRI in
all patients with acute trauma of wrist, knee, and ankle, without increasing the
overall costs to society, potentially even reducing these costs.

We used a relatively inexpensive low field dedicated extremity MRI system
(Artoscan M, Esaote, Genoa, ltaly) for our study. There has been debate regarding
the diagnostic performance of low field MRI versus high field MRI (10-25).
However, most studies conclude that the diagnostic quality of low field MRI
approaches the high field systems. We feel that skepticism toward low field MRI is
often based on first impressions of the low field MRI images and not on data of

comparative clinical trials.



Chapter 1

In chapter 2 we present a meta-analysis of earlier published studies on the
diagnostic performance of MRI of the menisci and cruciate ligaments combined
with an assessment of the effect of magnetic field strength on  diagnostic
performance.

We developed a shortened scanning protocol on the low field MRI system,
reducing both time and costs of the examination to be used for initial evaluation of
wrist, knee, and ankle injury (Chapter 3). A reduction in examination time was
necessary since a standard MRI examination takes about 30 to 45 minutes, which
would be too long and probably too expensive for routine examination of all
patients with acute joint trauma.

In Chapter 4, 5, and 6 we describe a multivariable logistic regression analysis for
acute wrist, knee, and ankle trauma to assess if the addition of a short MRI
examination contributes in discriminating between patients that will need
additional therapy after their initial visit to the hospital and patients that can be
sent home without need for follow-up. Furthermore we study if the short MRI
examination can replace radiography for this purpose.

The strategy of performing a short MRI examination in addition to the current
diagnostic work-up is only feasible if it is cost-effective. However, it is not very likely
that an initial short MRI examination would lead to an overall increase in quality
of life in the long term if all patients with acute trauma of wrist, knee, or ankle were
to undergo a short MRI examination. It may be true for the radiographically occult
scaphoid fracture, since a delay in treatment could lead to pscudo-arthrosis,
osteonecrosis and arthrosis in the end. However, for the majority of possible lesions
a delay in diagnosis and treatment is not necessarily detrimental and therefore we
did not anticipate a general increase in long term quality of life as a result of the
MRI examination. We rather expected the advantage to be a shorter convalescence
in a subgroup of patients in whom the earlier final diagnosis would lead to earlier
treatment and an earlier recovery. An carlier recovery is favorable for the patient
and may also reduce the time off work and thus save costs. For the radiology
department an extra MRI examination would always be more expensive. For the
health care payer (e.g. insurance company) there may be some financial advantages:
potentially less follow-up visits, less temporary treatment measures if the diagnosis is
not yet clear at initial evaluation, and possibly less diagnostic procedures during
follow-up, including (diagnostic) arthroscopies. There is also the possibility of a
false positive MRI resule, which could lead to unwarranted treatment, which would
increase the costs and decrease patient utility. On the other hand, costsavings can
be expected from the societal perspective by a reduction in lost productivity.
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The associated cost reduction may have a major impact on the overall costs (26) and
may well be the decisive factor in the costeffectiveness analysis. In Chapter 7 both
the costs and the effects of performing a short MRI examination in addition to
history taking, physical examination and radiography are assessed from the societal
perspective for acute rrauma of the wrist, knee, and ankle.

Chapter 8 focuses on improving the cost-effectiveness of MRI in patients with acute
knee injury by identifying a subgroup of patients that would profit most from the
early MRI examination.

Socio-economic background

The underlying question in this study from a socio-economic point of view is how
we should (re)allocate our financial and medical resources. The theoretical basis for
such an analysis is founded in the welfare theory, based on the utilitarian principle
of maximum social benefit (27). In the welfare theory several criteria are used: the
Pareto criterion for efficiency (introduced in 1890 by Vilfredo Pareto, an ltalian
sociologist and economist) implies that certain allocation of means is efficient if
nobody in that situation can gain anymore without a reduced gain for somebody
else. A state is Pareto Efficient if no one's utility can be increased without
decreasing someone else’s utility. Since this criterion almost certainly prevents any
improvement for society as a whole, the Kaldor Hicks criterion was introduced: a
certain allocation of means should be implemented if those who experience a
reduced gain by this allocation could be compensated. A more lenient point of view
is the Social Utility Maximization: under this criterion a certain allocation of means
is efficient if it maximizes the total utility of society, even if some people are made
worse off by the allocation (28). In the medical setting these principles form the
basis of modern costeffectiveness analysis. For the current study the question
would be, considering all costs, benefits, and drawbacks, would society be willing to
pay for an additional MRI examination in all patients with acute wrist, knee, and
ankle trauma!’

The relevance of this study is proportional to the number of wrist, knee, and ankle
injuries that occur annually and the resulting timefrom-work, timefrom-
usual-activities, and the costs of medical management. To give an idea of the order
of magnitude of sports injuries: over 500 million Euro were spent on the
management of accidental falls (excluding motor wvehicle accidents) in the
Netherlands in the year 1994 (Polder ea. Kosten van ziekten in Nederland in 1994).
Ankle, knee, and wrist trauma represent a substantial proportion of such accidents.
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Systematic review of knee MRI

Abstract

Purpose

To systematically review and synthesize published data on the diagnostic
performance of magnetic resonance (MR) imaging of the menisci and cruciate
ligaments and to assess the effect of study design characteristics and magnetic field
strength on diagnostic performance.

Materials and Methods

Articles published between 1991 and 2000 were included if at least 30 patients
were studied, arthroscopy was the reference standard, the magnetic field strength
was reported, positivity criterin were defined, and the absolute numbers of
true-positive, false-negative, true-negative, and false-positive results were available or
derivable. Pooled weighted and summary receiver operating characteristic (ROC)
analyses were performed for tears of both menisci and both cruciate ligaments
separately and for the four lesions combined, by using random effects models.
Differences were assessed according to lesion type.

Results

Twenty-nine of 120 retrieved articles were included. Pooled weighted sensitivity was
higher for medial meniscal tears than that for lateral meniscal tears. However,
pooled weighted specificity for the medial meniscus was lower than that for the
lateral meniscus. In summary ROC analyses performed per lesion, various study
design characteristics were found to influence diagnostic performance. Higher
magnetic field strength significantly improved discriminatory power only for
anterior cruciate ligament tears. When all lesions were combined in one overall
summary ROC analysis, magnetic field strength was a significant but modest
predictor of diagnostic performance.

Conclusion

Diagnostic performance of MR imaging of the knee is different according to lesion
type and is influenced by various study design characteristics. Higher magnetic field
strength modestly improves diagnostic performance, but a significant effect was
demonstrated only for anterior cruciate ligament tears.
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Chapter 2

Introduction

Since its introduction for clinical use in the mid-1980s, the role of magnetic
resonance (MR) imaging in the diagnosis of knee lesions has been established. MR
imaging has proved reliable and safe and offers advantages over diagnostic
arthroscopy, which is currently regarded as the reference standard for the diagnosis
of internal derangements of the knee. Arthroscopy is an invasive procedure with
certain risks and discomfort for the patient and is preferably performed only for
treatment purposes, provided that alternative noninvasive diagnostic modalities
such as MR imaging are available (1,2).

Results of numerous diagnostic studies have been published in which MR imaging
and arthroscopy of the knee were compared, and most have shown good diagnostic
performance in detecting lesions of the menisci and cruciate ligaments. As a result,
MR imaging has been increasingly used in the diagnostic work-up of knee lesions,
but the high costs of purchasing and maintaining a high-field-strength MR imager
and the often limited availability of such a unit has restricted its widespread use for
this purpose. The use of middle- and low-field-strength MR imagers has created the
possibility of using MR imaging more routinely in the diagnostic work-up of knee
disorders at a lower cost. In addition, low-field-strength dedicated extremity MR
imagers have been designed specifically for extremity imaging, and because of their
compact size and low field strength, costs can be kept relatively low compared with
those of middle- and high-ficld-strength imagers. The reported diagnostic
performance of low-field-strength MR imaging is variable, however, which raises the
question of whether low-field-strength MR imaging can reliably replace middle- and
high-field-strength MR imaging for evaluation of knee lesions.

With the vast number of articles on MR imaging of knee lesions with a wide range
in study design, imaging techniques, and resules, it is difficult to get a good idea of
the diagnostic performance of MR imaging and the factors that influence its
accuracy. We found some limited review articles in which investigators attempred
to summarize published results of MR imaging of the knee (2,3). To our knowledge,
however, no systematic review with a meta-analysis of the diagnostic performance of
MR imaging of the knee has been published to date.

The purpose of this study was to systematically review and synthesize the published
data on the diagnostic performance of MR imaging of the knee, focusing on tears of
the menisci and cruciate ligaments, and to assess the effect of study design
characteristics and magnetic field strength on diagnostic performance. We followed
published guidelines for conducting diagnostic meta-analyses (4).

15
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Materials and Methods

Selection of Articles

We conducted a MEDLINE search of the English-language literature to identify
original articles published between January 1991 and December 2000 on the
diagnostic performance of MR imaging of knee lesions. Combinations of the
following search terms were used: “magnetic resonance imaging”, “knee”,
“meniscus”, “cruciate ligament”, and “arthroscopy”. All articles that could not be
excluded definitively on the basis of the title and abstract were retrieved in full text.
We used the criteria for inclusion and exclusion listed in Table 1. The
bibliographies of the original articles were screened to obrain additional references.

TABLE 1. Criteria for Inclusion and Exclusion of Articles

Criteria type  Criteria

Inclusion Articles in the English language
MR imaging used to depict lesions of the medial or lateral meniscus, ACL, or PCL
At least 30 patients examined
Findings at arthroscopy used as reference standard
Magnetic field strength rupurrcd
Positivity criteria for MR imaging defined
Absolute numbers of true-positive, false-negative, true-negative, and false-positive results available

or derivable
Exclusion Patient population explicitly stated to consist of infants or adolescents
MR imaging used for postoperative evaluation
Case-control study
Results reported for only the medial and lateral meniscus combined
Various magnetic field strengths used
Only the diagnostic value of specific features and indirecr signs of knee lesions ar MR imaging,

such as the empty notch sign, anterior tibial subluxation, or bone bruise, assessed

For the articles thar were excluded because absolute numbers or positivity criteria
were lacking, we tried to contact the corresponding author to request additional
information. Authors were also contacted if there were indications that in more
than one article, they reported on overlapping patient populations. If the authors
did not respond, we chose the article that provided the most unequivocal and clear
data.

16
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Data Extraction

Two authors independently extracted results and characteristics of the study and
MR imaging technique for each included article. For this purpose, a standardized
data extraction sheet was used. Readers were not blinded to information about the
authors, author affiliation, and journal name, since this has been shown to be
unnecessary (5). The extracted study characteristics included publication year,
country of origin, setting (academic or community hospital), patient characteristics,
and aspects of study design, such as prospective versus retrospective design,
inclusion of consecutive patients, and blinding. We also assessed the possibility of
verification bias, which arises if patients are selected to undergo the reference test
(arthroscopy) on the basis of the outcome of the test being evaluated (MR imaging),
giving rise to an overestimation of sensitivity and an underestimation of specificity
(6).

Three levels of likelihood were used to classify each study with respect to
verification bias. We used “yes” if MR imaging was clearly used as a screening tool
for arthroscopy. The category “possible” was assigned if, for unknown or
unreported reasons, not all patients underwent both MR imaging and arthroscopy.
We assumed that verification bias was absent if both MR imaging and arthroscopy
were performed in all consecutive patients that were included in the study.
Regarding the characteristics of MR imaging technique, we extracted the magnetic
field strength of the MR imager and the number and type of MR imaging
sequences. From the articles in which investigators tabulated the results for
different readers, we extracted the dara of the first reader, unless the level of
experience was explicitly stated to be different among the readers. In the latter case,
we extracted the results of the most experienced reader. If results were tabulated for
multiple observations per reader, we extracted the dara of the first observation.
Some articles reported separately the results obrained with multiple MR imagers,
which we treated as individual studies if the MR imagers had different magnetic
field strengths. If results were reported for multiple MR imaging sequences or
techniques with the same MR imager, we extracted the data of the technique that
was recommended by the authors.

All discrepancies between our two data extractors were recorded. To determine the
level of agreement, K statistics were calculated for categorical variables, and
Spearman correlation coefficients (v values) were calculated for continuous
variables. To resolve discrepancies, a third data extractor assessed all discrepant
items, and the majority opinion was used for analysis.
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Data Analysis

Calculation of the natural logarithm of the diagnostic odds ratio. - For every lesion in each
study, we calculated the natural logarithm of the diagnostic odds ratio (OR) (D),
which represents a summary measure of the diagnostic performance or
discriminatory power. This value is the measure of interest in summary receiver
operating characteristic (ROC) analyses and is calculated as follows:

D=In{[(TP+0.5) (TN +0.5) | /[ (FP + 0.5) (FN + 0.5) ] },

where TP is the true-positive value, TN is the true-negative value, FP is the
false-positive value, and FN is the false-negative value. Before calculating D, we first
added 0.5 to each value to avoid undefined values of D and its variance resulting
from zero values of each (7).

Assessment of publication bias. - We first evaluated the presence of publication bias,
which could potentially arise if studies with positive results are more likely to be
published than are those with negative results (8). Publication bias can be detected
by constructing a funnel plot, in which the number of units measured (the number
of knees) is plotted against the measure of interest (in our case, the natural
logarithm of the diagnostic OR). In the absence of publication bias, the funnel plot
shows a symmetric funnelshaped distribution, whereas the distribution is
asymmetric and skewed if publication bias is involved (9). Symmetry and shape of
the funnel plots were judged by means of visual inspection.

Pooled weighted analyses. - To obtain a crude estimate of diagnostic performance of
MR imaging in depicting tears of the medial and lateral menisci, anterior cruciate
ligaments (ACLs), and posterior cruciate ligaments (PCLs), we performed a pooled
weighted analysis per lesion, weighting with the reciprocal of the variance of each
study. First, we tested for heterogeneity in effect size among studies, the result of
which determines if a fixed or random effects model should be used (10,11). Pooled
weighted sensitivity, specificity, and natural logarithm of the diagnostic OR (and
95% ClIs) were then calculated by using a random effects model. We regarded two
estimates as significantly different if their 95% Cls did not overlap.

Next, pooled weighted analyses for the different lesions were performed for various
categories of magnetic field strength separately to obtain an idea of the influence of
magnetic field strength on diagnostic performance. The range of field strengths was
divided into either three categories (higher than 1.0 T, 0.5 - 1.0 T, or lower than
0.5 T) or two categories (1.0 T and higher vs lower than 1.0 T).

18
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TABLE 2. Characteristics of Included Studies

Public.  Country  Hospiral Study Verification Consecutive Mean

Study Year  of Origin Type Type Blinding Bias Patients  Age (y)
Boeree eral (25) 1991 UK Community Retrospective  NR Yes NR 34
Fischer et al (26) 1991 LISA NR NR NR Yes NR 37
Kelly et al (27) 1991 USA  Community Retrospective  NR Possible NR 37
Niitsu et al (28) 1991 Japan Academic NR NR No NR 25
Araki et al (29) 1992 Japan NR NR NR Yes Yes 31
Gluckert et al (30) 1992 Germany Academic  Prospective NR No NR 33
Grevitr et al (31) 1992 UK Community Prospective Yes No Yes 36
Gross eral (32) 1992 USA Academic  Retrospective  NR Yes Yes NR
Heron and Calvert (33) 1992 UK Community  Prospective No* Yes No 38
Barnete (34) 1993 USA  Community Retrospective  NR Yes Yes NR
De Smert et al (35) 1993 USA Academic  Retrospective  NR Yes Yes 29
Chan ct al (36) 1994 USA Academic  Retrospective  NR Possible Yes 37
Gentili et al (37) 1994 USA NR Retrospective  NR Possible Yes 31
Kinnunen et al (38) 1994 Finland  Academic  Prospective Yes No Yes 36
LaPrade et al (39) 1994 USA Academic  Prospective NR No NR 34
Chen et al (40) 1995 Taiwan  Academic  Retrospective  NR Possible NR NR
Justice and Quinn (41) 1995 USA NR Prospective No Possible Yes NR
Lerman et al (42) 1995 USA NR Retrospective  NR Yes NR 37
Barry et al (43) 1996 USA Academic  Retrospective  NR Possible NR 29.7
Lundberg et al (44) 1996 Sweden  Academic  Prospective No No Yes 26
Bui-Mansfield et al (46) 1997 USA  Community Prospective No No Yes 31
Cheung et al (47) 1997 USA Academic  Retrospective  NR Possible No 38
Franklin et al (48) 1997 USA NR Prospective Yes No Yes 40
Rappeport et al (49) 1997  Denmark  Academic  Prospecrive  Yes No NR NR
Weinstabl ecal (50) 1997 Austria  Academic  Prospective  NR Yes Yes 34.9
Ha eral (51) 1998 USA Academic  Retrospective  NR Possible NR 40
Ricl et al (45) 1999 Germany  Academic  Prospective NR No NR 36
Cotten et al (52) 2000 France  Community Prospective NR Possible NR 34
Elvenes et al (53) 2000 Norway  Academic NR NR Possible NR 32

Note.. Numbers in parentheses are reference numbers, NR = not reported, * No in 85 patients, Yes in 15
patients.
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Summary ROC Analysis per Lesion Type

We subsequently performed summary ROC analysis for each of the lesions separately,
which has advantages over pooled weighted analysis. First, the true- and false-positive
rates for the different diagnostic studies can be summarized and synthesized, with
adjustment for different positivity criteria among studies (12-14). Different positivity
criteria exist among studies when institutions use different thresholds for labeling a test
result as positive. For example, in one study, an area of high signal intensity in the
course of the cruciate ligament may be considered indicative of a rupture, whereas in
another study, investigators may require the absence of intact cruciate ligament margins
as an additional finding before labeling the test result positive. Second, by using
summary ROC analysis, one can identify and adjust for variables that have an influence
on diagnostic performance. We applied a random effects model, which accounted for
the residual interstudy heterogeneity, which may be present even after adjustment for
characteristics such as population size, patient age and sex, positivity criteria, type of
MR imager, or verification bias. A random effects regression model was developed in
which the natural logarithm of the diagnostic OR of each study was the dependent
variable. As the independent variable, a measure of the positivity criteria (S) of the
study was calculated as follows:

S=In {[(TP + 0.5XFP + 0.5))/ [(TN + 0.5)(FN + Q.5)]},

where TP is the true-positive value, FP is the false-positive value, TN is the true-negative
value, and FN is the false-negative value. We added 0.5 to each value as before to
prevent undefined values of the positivity criteria. By using this method, one adjusts for
the variations in positivity criteria that are used implicitly or explicitly in different
studies and that are assumed to influence diagnostic performance.

Other variables that influence diagnostic performance were identified by adding them
to the regression model and by assessing their regression coefficient and influence on
the model. The variable, depending on the type, can be included either directly as a
continuous variable or as a dummy variable. In this bivariate summary ROC analysis,
we considered variables as explanatory if they were statistically significant in the
regression model (P < 0.05) or if the regression coefficient was at least 1.0 for dummy
variables or 1.0 over the range of the variable values. Variables with a P value between
0.05 and 0.10 were rerained in the model if their inclusion decreased the method-of-
moments T estimate by at least 10% compared with that in the univariate model. The
method-of-moments T calculation provides a measure of between-study variance and is
higher if there is more heterogeneity among studies and zero if studies are

hOTﬂOgCﬂL‘UUS.
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TABLE 3. MR Imaging Technique and Characteristics of Included Studies:
Medial Meniscal Tears

Publication  Magnetic Field No. of No.of TP FPF TN FN

Study Year Strength (T)  Sequences  Patients

Boeree et al (25) 1991 0.5 2 129 58 6 63 2
Fischer et al (26) 1991 1.5 3 483 270 33 170 10
Fischer et al (20) 1991 0.35 3 177 70 11 83 13
Fischer et al (26) 1991 1.5 3 86 37 2 45 2
Fischer et al (26) 1991 0.6 3 373 32 9 27 5
Fischer et al (26) 1991 0.35 3 36 § 11 15 2
Kelly et al (27) 1991 0.5 3 60 33 6 20 1
Araki et al (29) 1992 1.5 1 40 19 2 18 1
Gluckert et al (30) 1992 1.5 1 80 34 3 42 1
Grevitr eral (31) 1992 0.2 2 55 23 3 27 2
Heron and Calvert (33) 1992 1.5 3 100 44 3 52 1
Barnetr (34) 1993 0.5 6 118 71 4 38 5
De Smer et al (35) 1993 1.5 2 200 100 13 79 8
Kinnunen er al (38) 1994 0.1 3 33 7 5 20 1
LaPrade er al (39) 1994 1.0 5 72 34 1 37 0
Chen er al (40) 1995 1.5 6 50 13 5 30 2
Justice and Quinn (41) 1995 1.5 4 501 360 16 170 15
Lundberg et al (44) 1996 1.5 3 09 14 17 33 5
Bui-Mansfield cr al (46) 1997 1.5 4 50 18 1 29 2
Cheung et al (47) 1997 1.5 5 289 127 23 123 16
Franklin et al (48) 1997 0.2 6 35 19 0 13 3
Rappeport et al (49) 1997 0.1 3 47 [2 9 24 2
Weinstabl er al (50) 1997 1.5 2 75 48 4 22 1
Riel et al (45) 1999 0.2 6 244 106 3 127 8
Cortten et al (52) 2000 0.2 4 90 50 0 33 7
Cotten et al (52) 2000 1.5 4 90 51 0 33 6
Elvenes et al (53) 2000 0.5 2 41 15 [ 20 Q

Note. - Numbers in parentheses are reference numbers, Data are number of patients, unless otherwise indicared.
TP = true-positive value, FP = false-positive value, TN = true-negative value, FN = false-negative value.

We assessed as potential predictors of diagnostic performance the effect of
publication year (continuous variable), country of origin (in North America vs
other), type of hospital (academic, community, or not reported), mean age
(continuous variable, 35 vyears or older vs younger than 35 years), inclusion of

consecutive patients (yes, no, or not reported), prospective versus retrospective study
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design, verification bias (yes, no, or possible), blinding of the arthroscopist to the MR
imaging result (yes, no, or not reported), magnetic field strength of the MR

imager (continuous variable, 1.5 T vs lower than 1.5 T), and number of MR sequences
used (continuous variable). In five articles, mean age was not reported, and in the
analyses in which mean age was examined, regression analysis was performed for the
subset of studies with age available. In all studies, the radiologist was blinded to the
arthroscopic findings because MR imaging was always performed prior to arthroscopy.
Therefore, only the effect of blinding of the arthroscopist was assessed in this study.
Subsequently, we performed multivariate summary ROC analysis, in which the
explanatory variables previously identified in the bivariate analysis were included one
by one in a stepwise forward-selection regression model. We started with the variable
that decreased the method-ofmoments T° estimate the most and kept it in the model
on the basis of the same criteria as those used in the bivariate summary ROC analysis.
We always retained the measure of positivity criteria (S) in the model, since a difference
in positivity criteria among studies is a key concept of summary ROC analysis. Even
though the positivity criteria as defined in the articles seemed largely the same,
interpretation of MR images of the knee may vary in subtle ways in different hospitals
and among different radiologists. This yielded the final model for each lesion from
which multivariate summary ROC curves were plotted, adjusted for significant
covariables that were set to the mean values or values indicating the ideal study design,
as appropriate.

Overall Summary ROC Analysis of All Lesions

For the purpose of increasing statistical power and precision and comparing the results
with those of the separate analyses per lesion, we also analyzed all four lesions in a
single model. To compare diagnostic performance among lesion types, we created
dummy variables to code if the lesion of interest was a meniscal versus cruciate
ligament tear,

The effect of each significant predictor in the final models is reflected by its regression
coefficient. A positive regression coefficient indicates better discriminatory power of
MR imaging in studies with that predictor, compared with that in studies without the
corresponding characteristic. A negative regression coefficient indicates reduced
diagnostic performance in studlies with that characteristic. Finally, we calculated relative
diagnostic ORs of all predictors in the multivariate models by taking the antilogarithm
of the regression coefficient. A relative diagnostic OR can be interpreted as the
diagnostic performance of a test in studies with a certain characteristic, relative to its

performance in studies without that corresponding feature.
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TABLE 4. MR Imaging Technique and Characteristics of Included Studies:
Lateral Meniscal Tears

Publication  Magneric Field No. of No. of
Study Year Strength (T) Sequences  Patients TP FP TN FN
Boeree er al (25) 1991 0.5 2 127 15 2 99 1
Fischer er al (26) 1991 1.5 3 513 81 20 378 34
Fischer et al (26) 1991 0.35 3 192 20 5 148 19
Fischer et al (26) 1991 ] 3 89 18 3 66 2
Fischer et al (26) 1991 0.6 3 71 9 8 55 5
Fischer et al (26) 1991 0.35 3 36 6 2 27 |
Kelly et al (27) 1991 0.5 3 60 19 5 34 2
Araki eral (29) 1992 15 | 40 13 0 27 0
Gluckert et al (30) 1992 1.5 1 80 12 0 68 0
Grevitt et al (31) 1992 0.2 2 55 8 1 45 1
Heron and Calvert (33) 1992 15 3 100 17 5 77 |
Barnert (34) 1993 0.5 6 118 21 3 39 5
De Smer et al (35) 1993 I:5 2 200 48 12 130 10
Kinnunen er al (38) 1994 0.1 3 33 1 1 28 3
LaPrade er al (39) 1994 1.0 5 72 14 1 51 6
Chen et al (40) 1995 1.5 6 50 17 3 27 3
Justice and Quinn (41) 1995 1.5 4 561 134 8 390 29
Lundberg et al (44) 1996 1.5 3 69 13 7 36 13
Bui-Mansfield er al (46) 1997 1.5 4 50 9 0 35 6
Cheung et al (47) 1997 1.5 5 289 69 13 180 27
Franklin et al (48) 1997 0.2 6 35 8 0 26 1
Rappeport et al (49) 1997 0.1 3 47 2 1 41 3
Weinstabl et al (50) 1997 1.5 2 75 17 1 56 1
Riel et al (45) 1999 0.2 6 244 38 7 191 8
Cotten et al (52) 2000 0.2 4 90 24 6 55 5
Cotten et al (52) 2000 1.5 4 90 25 3 58 4
Elvenes et al (53) 2000 0.5 2 41 2 4 32 3

Note, - Numbers in parentheses are reference numbers, Data are number of patients, unless otherwise indicated.
TP = true-positive value, FP = false-positive value, TN = rrue-negative value, FN = false-negative value.

Thus, a relative diagnostic OR greater than 1.0 indicates that studies with that
characteristic yield better diagnostic performance of MR imaging than that
instudies without the corresponding feature, whereas a relative diagnostic OR less
than 1.0 indicates reduced discriminatory power in studies with that characteristic.
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All analyses were performed by using STATA (versions 6.0 and 7.0; Stata, College
Station, Tex) and SPSS for Windows (version 9.0.0; SPSS, Chicago, Ill) software.

Sensitivity Analyses

To assess the dependence of the five final multivariate models on the results of
individual studies, we performed the jackknife type of sensitivity analyses for cach
model. By using this method, one can determine the contribution of the individual
studies to the overall results by performing multiple summary ROC analyses with each
article excluded in turn (the jackknife method).

RESULTS
Literature Search and Data Extraction
Our MEDLINE search resulted in 804 articles, of which 120 were retrieved after we
evaluated the titles and abstracts. Eighty nine articles were excluded because (a) the
article was a review or descriptive article without original data on diagnostic
performance (n = 20), (b) fewer than 30 patients were studied (n = 9), (c) magnetic field
strength was not reported or was variable (n = 13), (d) absolute numbers were not
available and could not be derived (n = 19), (¢) no positivity criteria at MR imaging
were reported (n = 3), (f) results were reported for the medial and lateral meniscus
combined (n = 6), (g) only the value of specific indirect signs or features of knee lesions
at MR imaging was assessed (n = 15), or (h) the patient population was suspected to
overlap with that of another study (n = 4). Furthermore, we excluded one article in
which patients and random control subjects were retrospectively selected on the basis
of the presence or absence of a definite complete ACL tear (case-control design)
without accounting for all patients in the study period (15). Another article was
excluded in which the whole knee was used as the unit of analysis (16). All excluded
articles, together with the reasons for exclusion, are listed in the table thart is available
as supplemental material on the Radiology website:

Table E1, radiology -rsnajnls.org/cai/content/full /2263011892 /DCI.
In this table, each article is classified according to the reason why the article was
excluded from our analysis, although multiple reasons may be applicable to one article.
We attempted to contact 16 authors for more information, but this did not result in
additional articles for inclusion. Thus, 29 articles were included in this meta-analysis,
which comprised 27 studies on both menisci, 23 studies on ACL tears, and 12 studies
on PCL tears. The articles, together with the corresponding study characteristics, are
listed in Table 2. Results for the menisci and cruciate ligaments per study, as well as
teatures of the MRimaging technique, are listed in Tables 3-5.
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TABLE 5. MR Imaging Technique and Characteristics of Included Studies:
Cruciate Ligament Tears

Publication Magnetic Field No. of No. of
Study Year Strength (T) Sequences  Patients TP FP TN FN
ACL complete tear
Boeree et al (25) 1991 Q0.5 2 133 32 11 89 |
Fischer er al (26) 1991 1.5 3 330 100 30 396 4
Fischer et al (26) 1991 0.35 3 193 28 8 157 0
Fischer er al (26) 1991 1.5 3 90 17 3 70 0
Fischer et al (26) 1991 0.6 3 79 13 5 56 5
Fischer et al (26) 1991 0.35 3 41 5 7 27 2
Kelly et al (27) 1991 0.5 3 60 7 3 49 1
Niitsu er al (28) 1991 1.5 | 52 20 3 21 8
Gluckert er al (30) 1992 .5 | 80 18 1 60 1
Grevitr et al (31) 1992 0.2 2 55 3 - 43 0
Heron and Calvere (33) 1992 1.5 3 99 20 4 73 2
Barnett (34) 1993 0.5 6 118 26 3 89 0
Chan et al (306) 1994 1.5 4 120 19 6 93 ¥)
Gentili et al (37) 1994 1.5 4 89 48 1 39 |
Kinnunen et al (38) 1994 0.1 ;] 3 5 4 23 1
Chen eral (40) 1995 1.5 6 50 12 3 24 1
Lerman et al (42) 1995 1.5 1 47 23 0 22 2
Barry et al (43) 1996 03 63 25 4 31 3
Bui-Mansfield er al (46) 1997 L5 4 50 20 3 27 0
Rappeport et al (49) 1997 0.1 3 47 6 3 37 1
Haetal (51) 1998 1.5 5 217 54 4 157 2
Cortten et al (52) 2000 0.2 4 90 14 2 73 1
Caotten et al (52) 2000 1.5 4 90 14 0 75 1
PCL complete tear
Fischer er al (26) 1991 1.5 3 537 2 3 530 2
Fischer et al (26) 1991 0.35 3 198 3 Q0 195 Q
Fischer er al (26) 1991 1.5 3 93 2 1 920 0
Fischer er al (26) 1991 0.6 3 80 1 0 79 0
Fischer et al (26) 1991 0.35 3 41 Q 1 40 0
Niitsu et al (28) 1991 1.5 1 52 4 1 47 0
Gluckert et al (30) 1992 1.5 | 80 0 0 80 0
Gross et al (32) 1992 0.3 | 203 13 0 190 0
Heron and Calverr (33) 1992 1.5 3 99 1 0 98 0
Kinnunen et al (38) 1994 0.1 3 33 0 1 32
Chen et al (40) 1995 1.5 6 50 4 0 46 0
Bui-Mansfield er al (46) 1997 1.5 4 50 | 8 41 0

Norte. - Numbers in parentheses are reference numbers, Data are number of patients, unless otherwise indicared.

TP = true-positive value, FP = false-positive value, TN = true-negative value, FN = false-negative value.
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We extracted 379 items from the articles; 46 discrepancies occurred between our
two data extractors (Table 6), which were resolved by the third extractor.

TABLE 6. Analyzed Variables and Measures of Agreement between Two Data
Extractors for 379 Items in 29 Articles

No. of Spearman r kValue

Variable Discrepancies® Value

Publication year 0 @ 1.00 NA
Country of origin 0 @ NA 1.00
Academic or community hospiral 5 (17 NA 0.70
Mean age (AN () 1.00 NA
Consecutive patients 8 (28) NA 0.54
Prospective or retrospective study design 6 (@21 NA 0.67
Verification bias 8 (28) NA 0.59
Blinding of arthroscopist to MR imaging findings 4 (14) NA 0.71
Magnetic field strength (U (V)] 1.00 NA
Number of pulse sequences 8 (28) 0.80 NA
Natural logarithm of diagnostic OR 7 @8 0.96 NA
Overall 46 (12) NA NA

Note. - The Spearman r value was caleulated for continuous variables, the k value for categoric variables.
NA = not applicable.” Numbers in parentheses are percentages.

Depending on the variable, agreement between the two data extractors ranged from
moderate to almost perfect (r value range, 0.80-1.00; & value range, 0.54-1.00).

Publication Bias

At visual inspection, the funnel plots for the menisci showed an almost perfectly
funnel-shaped distribution (Fig 1), suggesting that publication bias is unlikely. For
both cruciate ligaments, the funnel plots were almost funnel shaped, although not
perfectly so (Fig 2), but there were sufficient small studies with a low diagnostic
performance to suggest the absence of substantial publication bias.

Pooled Weighted Analysis

The test for heterogeneity showed significant results for all lesions, with the
exception of PCL tears. We therefore used a random effects model, which can
accommodate both heterogeneous and homogeneous effect sizes among studies

(10,11).
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TABLE 7. Pooled Weighted Resules per Type of Lesion (random effects model)

Pooled Weighted Pooled Weightred Pooled Weighted
Lesion Sensitivity (%) Specificity (%) D* Value
Medial meniscal rear 93.3 (91.7, 95.0) 88.4 (85.4,91.4) 4.38 (3.86, 4.89)
Lateral meniscal tear 79.3 (74.3, 84.2) 95.7 (94.6, 96.8) 4.07 (3.60, 4.54)
ACL complete rear 94.4 (92.3, 96.0) 94.3 (92.7,95.9) 4.90 (4.28, 5.53)
PCL complete tear 91.0 (83.2,98.7) 99.4 (98.9,99.9) 5.42 (4.40, 6.45)

Note. - Numbers in parentheses are 95% Cls. * D = Natural logarithm of the diagnostic OR.

For the diagnosis of meniscal tears (Table 7), pooled weighted sensitivity was higher
for the medial meniscus (93.3% [95% CIL: 91.7, 95.0]) than that for the lateral
meniscus (79.3% [95% Cl: 74.3, 84.2]), whereas pooled weighted specificity for
medial meniscal tears (88.4% [95% CIl: 85.4, 91.4]) was lower than that for lateral
meniscal tears (95.7% [95% CI: 94.6, 96.8]). There was no statistically significant
difference in sensitivity for complete ACL tears versus PCL tears (Table 7) (94.4%
[95% CI: 92.3, 96.6] and 91.0% [95% CI: 83.2, 98.7], respectively), but the
specificity for ACL tears was lower than that for PCL tears (94.3% [95% CI: 92.7,
95.9] and 99.49% [95% CI: 98.9, 99.9], respectively). No significant difference was
demonstrated in the pooled natural logarithms of the diagnostic ORs for the
different lesions. The results of the separate pooled weighted analyses for various
categories of magnetic field strengths (not tabulated) suggested a modest trend
toward better diagnostic performance for higher-field-strength categories. None of
the differences were found to approach statistical significance, however, and the Cls
were all extremely wide because of a limited number of studies per category of
magnetic field strength.

Summary ROC Analysis per Type of Lesion

In the multivariate summary ROC analysis for the medial meniscus, blinding of the
arthroscopist was the only predictor of diagnostic performance. For the lateral
meniscus, mean age was the only significant variable in the final model (Table 8).
Publication year, mean age, and magnetic field strength were predictors in the
multivariate model for ACL tears. The final model for PCL tears consisted of
publication year, academic hospital setting, verification bias, and number of MR
sequences. The summary ROC curves based on the final regression models,
together with the results of the individual studies, are plotted in Figure 3.

27



Systematic review of knee MRI

00 600
= o
=4 o = 500 — "
-1 é 400 —
'S
. - § 300 -
0 s £
] o 0w Z 200 | "a o g
-
- o " g 00 .I. -
00 - ) o R =
:JUO'.E‘ .og?%i‘:‘ob o ’ = C’-L:ﬂ‘.."-g B
T — T N — T 1 T—F %
Q 1 2 () 4 5 6 7 8 g 0 1 2 3 4 5 & 7 B [ 10
Natural logarithm of diagnostic odds ratio Natural fogarithm of diagnostic odds ratio
Figure 1. Funnel plot for the menisci in Figure 2. Funnel plot for the cruciate
which the number of knees is plotted against ligaments in which the number of knees is
the discriminatory power of MR imaging plotred against the discriminatory power of MR
(natural logarithm of the diagnostic OR). For imaging (natural logarithm of the diagnostic
both medial and lateral menisci, the OR). For both ACL and PCL lesions, the data
distribution of data points appears to be fairly points show a slightly skewed distribution.
funnel shaped and symmetric, indicating that There is a considerable number of small studies
publication bias is unlikely. Filled box = resules ~ with low diagnostic performance, however,
for medial meniscus from individual studies, suggesting the absence of substantial
open point = results for lateral meniscus from publication bias. Filled box = ACL results from
wdividialstidias; individual studies, open point = PCL results

from individual studies.

For the medial meniscus, we set the dummy variable for blinding to zero according to
clinical practice, where arthroscopy is ideally performed on the basis of and with
knowledge of the MR imaging findings. The summary ROC curve for lateral meniscal
tears was plotted for a patient aged 30 years. For the ACL, the publication year was set
to 1995, and the curve was plotted for a patient aged 30 years with use of a 1.0-T MR
imager. The curve for PCL lesions was adjusted to publication in 1993, an academic
hospital setting, use of three MR sequences, and the absence of verification bias. The
adjusted summary ROC curves have different positions in ROC space (Fig 3),
indicating that there are differences in diagnostic performance among the types of
lesions. Whereas overall discriminatory power is not much different for the menisci,
diagnostic performance is clearly better for the ACL compared with that for the PCL,
since the curve for the ACL is locared more toward the upper left corner.

Overall Summary ROC Analysis of All Lesions

In the multivariate summary ROC analysis with all lesions combined, the meniscal tear
versus cruciate ligament dummy variable (relative diagnostic OR, 0.52 [95% CI: 0.26,
1.01]), mean age (relative diagnostic OR, 1.13 [95% CI: 1.03, 1.23]), and magnetic field
strength (relative diagnostic OR, 1.97 [95% CI: 1.13, 3.42]) were statistically significant
predictors of diagnostic performance (Table 8).
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TABLE 8. Multivariate Summary ROC Maodels per Type of Lesion and for All Lesions Combined (random effects

model)

hf1c'rlmd-o("-1
Covariable Regression Coefficient  Relative Diagnostic OR P Value  Moments T
Medial meniscal tear (27 studies)
Positivity criteria -0.32 (-0.87,0.23) 0.73 (0.42, 1.206) 0.25 1.22
Blinding arthroscopist to MR —1.09 (-2.68, 0.50) 0.34 (0.07, 1.65) 0.18 NA
imaging findings
Lateral meniscal rear (23 studies) *
Positivity criteria 0.39 (-0.12, 0.90) 1.48 (0.89, 2.406) 0.14 0.69
Mean age 0.11 (=0.04,0.29) t 1.12 (0.96, 1.28) 0.14 NA
ACL complete rear (20 studies) &
Positivity criteria 0.64 (0.10, 1.18) 1.90 (1.11, 3.25) 0.02 0.18
Publication year 0.25 (0.08,0.41) 1 1.28 (1.08, 1.51) 0.004 NA
Mean age 0.12 (0.00,0.24) 1 113 (1.00, 1.27) 0.05 NA
Magnertic field strength 1.21 (0.40,2.02)§ 3.35 (1.49, 7.54) 0.003 NA
PCL complete tear (12 studies)
Positivity criteria 0.22 (-0.72, 1.16) 1.25 {0.49, 3.19) 0.64 Q.00
Publication year 0.21 (-0.92,1.34) + 1.23 (0.40, 3.82) bz NA
Academic hospirtal 1.89 (—0.68, 4.46) 6.62 (0.51, 86) 0.15 NA
Verification bias 4.23 (0.28, 8.18) 68,72 (1.32, 3,569) 0.04 NA
Number of MR sequences -0.75 (-2.28,0.78) 1 0.47 (0.10, 2.18) 0.34 NA
All lesions combined (76 studies) #
Positivity criteria 0.00 (0.15,0.28) 1.06 (0.86, 1.32) 0.56 0.87
Meniscus vs cruciate ligament 0.66 (1.33,0.01) 0.52 (0.26, 1.01) 0.05 NA
Mean age 0.12 (0.03,021) 103103, 1.23) 0.009 NA
Magnetic ficld strength 0.68 (0.12,1.2)§ 1.97 (1.13, 3.42) 0.02 NA

Nore. — Numbers in parentheses are 93% Cls. NA = not applicable. A positive regression coefficient indicares
better discriminatory power of MR imaging in studies with that characreristic compared with thar in studies
withourt the corresponding characreristic, and a negative regression coefficient indicates reduced diagnostic
performance in studies with that characteristic. A relative diagnostic OR greater than 1.0 indicares better
diagnostic performance of MR imaging in studies with that characteristic compared with that in studies without
the corresponding teature, and a relarive diagnostic OR less than 1.0 indicates decreased diagnostic performance
in studies with thar characreristic.

* Subser analysis including 23 of 27 studies with age reported.

+ Value is the change per year.

F Value is the change per unit Tesla.

§ Subser analysis including 20 of 23 studies with age reporred.

9 Value is the change per additional sequence.

# Subset analysis including 76 of 89 studies with age reported.
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Although the dummy variable for meniscal versus cruciate ligament tears was of
borderline significance, we kept it in the model because the nature of these lesions
is totally different, and furthermore, it allowed comparison of the lesions.
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Figure 3. Summary ROC curves for the four types of lesions separately and

the results of the individual studies (filled points) on the basis of the final
models per lesion. Upper lefe: Summary ROC curve for medial meniscal
tears. The dummy variable for blinding was set to zero, according ro clinical

practice, in which MR imaging is ideally performed before arthroscopy.

Upper right: Summary ROC curve for lateral meniscal tears, adjusted to a

patient aged 30 years. Lower left: Summary ROC curve for ACL tears,
adjusted to publication in 1995, a patient aged 30 years, and a 1.0-T MR
imager. Lower right: Summary ROC curve for PCL tears, adjusted for

publication in 1995, academic hospital setting, three MR sequences in the

imaging protocol, and absence of verifica-tion bias. The adjusted summary

ROC curves demonstrate the differences in diagnostic performance among
the lesion types. Whereas overall discriminatory power is not much different
for the menisci, diagnostic performance is clearly better for the ACL
compared with that for the PCL
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In Figure 4, summary ROC curves are shown for menisci and cruciate ligaments
separately. The curves were plotted with the mean age covariable set at 30 years for
both 0.2- and 1.5-T MR imagers. Compared with that for the menisci, the curve for
cruciate ligaments is further up toward the upper left corner, suggesting better
discriminatory power. Similarly, the curves for high-field-strength MR imaging show
better diagnostic performance compared with those for low-fieldstrength MR

imaging.

Sensitivity Analyses

The jackknife sensitivity analyses, in which articles were excluded one by one from
the final models, did not demonstrate any disproportionate influences of individual
studies. In the models for ACL tears and the overall model with all lesions
combined, the effect of magnetic field strength remained relatively stable in the
sensitivity analysis (relative diagnostic OR ranges, 2.63-4.41 and 1.80-2.16,

respectively), and this effect was always statistically significant.

1.0
0.9 Figure 4. Multivariate
summary ROC curves based on
0.8 the final regression model with
all lesions combined. Curves are
'lg 0.7 shown for both menisci and
; 0.6 - both cruciate ligaments
> combined. Curves were adjusted
:'E 0.5 1 to patients aged 30 years and
o both 0.2- and 1.5-T MR
3 0.4 ' imagers. The curves for cruciate
o ligaments are further up toward
= 034 - the upper left corner, as are the
0.2 ¥ cr“‘fiat.e ligaments, 1.5T curves for high-field-streneth
- - - Menisci, 1.5T MR imaging, suggesting better
o144 | T Cruciate ligaments, 0.2 T discriminatory power compared
""" Menisci, 0.2 T with that of the menisci and
0.0 low-field-strength MR imaging.
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Discussion

In this systematic review and meta-analysis, attention was focused on tears of the
menisci and cruciate ligaments, which are primarily caused by traumatic
mechanisms. Our results confirm those of previous studies, which show MR
imaging to be a highly accurate diagnostic tool for detecting tears of the menisci
and cruciate ligaments. The results show that diagnostic performance is better for
cruciate ligament tears than that for meniscal tears. With regard to the menisci, our
results demonstrate that the sensitivity and specificity differ significantly for the
medial and lateral meniscus.

Whereas MR imaging is more sensitive in the diagnosis of medial meniscal tears,
the specificity is higher for lateral meniscal tears. However, the natural logarithm of
the diagnostic OR, which is an overall measure of diagnostic performance that
incorporates both sensitivity and specificity, is not significantly different for the two
lesions, indicating that radiologists probably use different points along the same
underlying ROC curve when evaluating the two lesions. The results confirm that
findings of the two menisci are preferably considered separately in studies in which
the diagnostic performance of MR imaging was assessed to avoid performance
underestimation. Thus, our criterion to include only articles in which results for
medial and lateral menisci were reported separately seems to be justified. Moreover,
in clinical practice, it is usually a lesion of either the medial or lateral meniscus that
is suspected, making diagnostic performance statistics for both menisci combined
less meaningful. To increase statistical precision, a pooled weighted analysis with
both menisci combined into one model is possible, provided that an appropriate
technique (eg, summary ROC analysis) for combining lesions with different points
on the same ROC curve is used, which is what we did. We acknowledge, however,
that this type of pooled combined analysis may result in data for some patients
being included more than once in the same regression model, which induced some
dependence among observations.

With regard to the cruciate ligaments, we considered complete tears only, because
these injuries are by far more serious than are partial ruptures. Whereas complete
ruptures mostly necessitate intensive physical therapy or reconstructive surgery,
partial tears usually do not require specific treatment. Apart from the menisci and
cruciate ligaments, there are more derangements involving the knee that might be
visualized with MR imaging. Articular cartilage lesions may also have a traumartic
origin and cause serious symptoms. Except for full-thickness lesions (Ficat grade IV
or V), however, the role of MR imaging in detecting articular cartilage defects has
not been well established. Especially for lesions that are limited to half of the
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cartilage thickness (Ficat grade L-I1), the diagnostic accuracy of MR imaging seems
poor (17-19). We performed a MEDLINE search of articles on MR imaging of knee
cartilage, but among the articles that we found, we considered the patient
population, grading system, definition of disease, and regions studied as too
heterogeneous to justify a meta-analysis. For example, patient populations varied
from patients who experienced trauma to patients with known osteoarthritis.
Grading systems had a range of three to six categories, and positivity criteria varied
from anything abnormal to full-thickness defects. Finally, in some studies, the knee
cartilage was subdivided into regions, such as the lateral and medial femoral
condyle or even the different facets of the patella, whereas in other articles,
investigators considered the whole knee to be a unit of analysis.

To avoid missing important articles, we applied broad criteria for our MEDLINE
search. This resulted in 804 retrieved references, most of which were clearly not
suitable for inclusion in our systematic review and were excluded on the basis of
either the title or the abstract. As an illustration, a substantial number of articles
about other pathologic conditions in the knee or about postoperative MR imaging,
cadaveric  examinations, case reports, and even the meniscus in the
temporomandibular joint were found among these 804 studies. After this initial
selection, 120 articles were considered potentially eligible for inclusion, 20 of which
were subsequently excluded because they did not present data on diagnostic
performance. We applied criteria for inclusion and exclusion that are commonly
used in evidence-based medicine, as well as criteria that were related to the aims of
the present study and the methods that we intended to use. Studies with a sample
size of fewer than 30 patients were excluded because small samples contribute litte
to the results of a meta-analysis. In addition, our purpose to assess the effect of
magnetic field strength on diagnostic performance required that the magnetic field
strength of the MR imager be reported in all included studies. Similarly, a summary
ROC analysis is only possible if the absolute numbers of true-positive,
false-negative, true-negative, and false-positive results are available or derivable.

Our literature search was limited to articles published between 1991 and 2000. We
acknowledge thar there have been relevant publications between 1985 and 1990,
some of which would have fulfilled the inclusion criteria of this meta-analysis.
However, the question arises whether the MR imaging techniques used in the
earlier period can be compared with the improved techniques and sequences of
more recent years. Furthermore, we limited our literature search to articles
published in the English language. It has been shown that inclusion of only
English-language articles does not influence the results of a meta-analysis (20).
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Moreover, the decision as to which other languages to include will, in our view,
always be based on highly arbitrary and geographically dependent criteria, namely,
the ability of the data extractors to understand other languages.

We included only studies in which arthroscopy was regarded as the standard of
reference. This procedure has always been the reference standard for the diagnosis
of internal derangements of the knee, against which alternative diagnostic
modalities should be compared. However, the use of arthroscopy alone as the
reference standard has been criticized because some parts of the joint cannot be
brought into view properly. The posterior horn of the medial meniscus is an
especially difficult area to visualize, and the arthroscopic diagnosis of meniscal tears
in this region is often assigned on the basis of probing rather than visualizing the
meniscus. Quinn and Brown (21) retrospectively analyzed the arthroscopic
videotapes of false-positive MR imaging results and found that the suspected area of
the meniscus was never visualized in these cases. Therefore, false-negative findings
at arthroscopy could potentially account for many false-positive MR imaging results.
Likewise, the PCL is not usually visualized during arthroscopy if the ACL is intact,
and in this case, physical examination is often performed with the patient
anesthetized to demonstrate a rupture of the PCL. As a result, arthroscopy is ideally
performed with knowledge of the findings from the preceding MR examination.

We first summarized and combined the data in a pooled weighted analysis
performed separately for each lesion. This type of analysis has certain limitations,
since it does not take into account the differences in positivity criteria that were
used in the studies. For the lesions that we included in this meta-analysis, however,
we found that articles were highly comparable with regard to the definition of
disease at MR imaging. In all included articles, the meniscus was evaluated and
graded by using the original or slightly modified criteria that were introduced
previously by Reicher et al (22) or Crues et al (23). On the basis of these criteria, a
meniscal tear is diagnosed if an intrameniscal area of high signal intensity extends
to the articular surface, whereas an area of high signal intensity that does not reach
the surface is considered degenerative. Since degenerarive changes of the menisci
are common and usually asymptomatic findings in patients after the 3rd decade
(24), our interest was focused on meniscal tears only. With regard to the status of
the cruciate ligaments, a complete tear was usually defined as nonvisualization of
the ligament in its expected position or high signal intensity in the course of the
ligament in the absence of intact margins. Even though positivity criteria were
largely the same among studies, we considered a summary ROC analysis
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appropriate, since, in our view, there will always be implicit variations in
interpretation in different sectings and by different radiologists.

The results of our meta-analysis stress the importance of adequate study design
when conducting a study on diagnostic performance. Especially, the presence of
verification bias was found to dramatically increase the diagnostic performance for
PCL tears. Also, blinding the performer of the reference test (arthroscopy) to the
findings of the test under evaluation (MR imaging) was predictive in the final
model for medial meniscal tears. In every included study, the radiologist who
interpreted the MR images was blinded to the arthroscopy result. This reflects
clinical practice, in which MR imaging is usually and ideally performed prior to
arthroscopy. Therefore, the effect of blinding the MR image interpreter to the result
of the reference test was not assessed in this meta-analysis. In addition, mean age of
the patient population was a statistically significant predictor for various lesions.
This finding implies that the age distribution of the patient population should be
described sufficiently in diagnostic performance studies.

The effect of publication year on the diagnostic performance probably reflects the
progress in MR imaging technique over the past 15 years with regard to the MR
imagers and the sequences used. Whereas in the early years of MR imaging, only
spin-echo and gradientecho sequences were performed, nowadays the choice of
sequences that can be incorporated in the imaging protocol has expanded, with
various types of fatsuppression techniques and three-dimensional acquisitions that
enable reconstructions in every plane. Moreover, the influence of publication year
could represent a learning process over the years among interpreters of MR images
of the knee.

Higher magnetic field strength of the MR imager improved the diagnostic
performance for ACL tears, and a modest effect was demonstrated when all lesions
were combined in one model. In the pooled weighted analyses per lesion for
different magnetic field strength categories, a trend was observed toward better
diagnostic performance for higher magnetic field strengths, but this effect was far
from significant, probably because too few studies were available per category of
magnetic field strength. We can only speculate whether the effect would have been
statistically significant if more existing studies would have fulfilled our inclusion
criteria. Except for the ACL, however, no effect was demonstrated in the summary
ROC analysis per lesion, which is a more powerful technique for assessing
predictors of diagnostic performance. Only for PCL tears was the number of
sequences a predictor in the final multivariate model. Unexpectedly, this effect was
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negative with increasing numbers of sequences. The status of the PCL can usually
be assessed well on the basis of a few images in the sagittal plane.

We conclude that MR imaging is highly accurate in the diagnosis of tears of the
menisci and cruciate ligaments. MR imaging is an appropriate screening tool for
therapeutic arthroscopy, making diagnostic arthroscopy unnecessary in most
patients. Diagnostic performance of MR imaging differs significantly for menisci
and cruciate ligaments and for the medial and lateral meniscus and is influenced by
characteristics of study design, patient age, and magnetic field strength. The effect
of magnetic field strength, however, was only statistically significant for ACL tears.
The influence of study design characteristics and patient age should be raken into
consideration whenever a diagnostic performance study on MR imaging of the knee
is designed or reported.
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Abstract

An important hindrance for the routine use of MRI in the initial evaluation of
acute peripheral joint trauma is the high costs as well as the long duration of the
examination. The aim of this study was to develop a short MRI protocol for the
initial examination of peripheral joint trauma on a dedicated extremity MRI system
and to compare this protocol with a standard protocol. Various parameters of
sequences used for MRI of joints were adapted in order to decrease scanning time
while preserving an acceptable diagnostic quality. The four sequences that appeared
most suitable for the intended purpose (GE-T1w, SET1w, Turbo Muld Echo and
STIR) were compared to standard MRI examination in 80 patients with peripheral
joint trauma. The short MRI protocol as a screening examination for the presence
or absence of pathology showed a sensitivity of 0.99 and a specificity of 0.90.
Fracture and bone marrow edema could be demonstrated accurately with a
sensitivity of 1.00 and 0.91 respectively and a specificity of 1.00 for both. The
sensitivity and specificity for anterior cruciate ligament rupture was 0.78 and 0.90
respectively. For meniscus tears the specificity was high (medial 0.95, lateral 0.94),
but the sensitivity was lower (medial 0.73, lateral 0.58). In conclusion, the short
MRI examination cannot replace the standard examination for the comprehensive
examination of wrist, knee, and ankle for all indications, however, it may be
suitable as a screening tool in the initial investigation of patients with acute
peripheral joint trauma.

Introduction

The role of MR imaging in the diagnosis and management of acute peripheral joint
trauma is limited; physical examination and conventional radiographs are the main
diagnostic modalities. In acute trauma it is often difficult to assess the extent of soft
tissue injury by physical examination alone, as pain and swelling often prevent a
proper physical examination. Conventional radiographs show fractures but provide
little information on soft tissue injury. If MR imaging would be readily available for
patients with acute joint injury, this diagnostic gap may be filled. The introduction
of low field dedicated extremity MRI systems with their relatively low purchase
price and maintenance costs has created the possibility of using MRI as a routine
examination in patients with trauma of peripheral joints.

As far as we know, the routine use of MRI as initial examination in peripheral joint
trauma has not yet been addressed in the literature. The use of MRI as an
additional imaging modality, however, has been previously evaluated (1-6). Several
studies show comparable results using extended protocols on high field and low
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field MR systems regarding the detection of internal derangement of the knee,
using arthroscopy as reference standard (7-10). A prerequisite for a routine and
cost-effective use of MRI in patients with acute joint injury is a short scanning time.

The purpose of this study was to optimize the scanning parameters of a short MRI
protocol on a low field dedicated extremity MRI system. Qur aim was to define a
scanning protocol that would take approximately 10 minutes and that would be of
sufficient quality to be used as an initial screening examination in peripheral joint
trauma.

Materials and Methods
The first part of our study consisted of the development of a short scanning
protocol. On a low field (0.2T) dedicated extremity MRI system (Artoscan M,
Esaote, Genoa, Italy) we adapted the parameters of frequently used sequences in
MR imaging for the evaluation of peripheral joints with the objective of shortening
the scanning time considerably.

The following adaprations were applied in order to achieve short scanning times:
short repetition time

reduced number of acquisitions

half Fourier transformation

half echo acquisition

rectangular Field of View (FOV)

limited matrix size

Table 1 shows the sequences that were evaluated in 10 healthy volunteers. In
shortening the repetition times of Gradient Echo (GE) and T l-weighted Spin Echo
(SE) we were limited by the minimal repetition time (TR) necessary for multislice
imaging. The Turbo Multi Echo (TME) sequence uses two echoes; the first echo has
a fixed effective echo time of 38 ms, the second echo has a fixed effective echo time
of 90 ms. We used a TR of 2400 ms to obtain sufficient T2 weighting. To find the
optimal FOV we systematically varied the phase encoding (time dependent)
direction of the FOV from 10 c¢m (minimum) to 20 cm (maximum) with
incremental steps of 1 em. The smallest FOV with no disturbing fold-over artefacts
in the region of interest was chosen. We evaluated the effect of limiting the matrix
size while retaining an acceptable spatial resolution by varying the martrix size from
256x192 to 128x192 in 16 steps. The smallest matrix that subjectively still provided
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enough detail was chosen. The images were evaluated by two experienced
radiologists, who made the choice of optimal FOV and matrix in consensus.

The second part of the study comprised the comparison of the short scanning
protocols, developed and selected in the first part, with the standard protocols. We
examined 80 patients (32 female, 48 male, age range 15 - 78 year, mean age 33 year)
with acute joint injury, referred to us by traumatologist or orthopaedic surgeon.
These consisted of 48 knees, 23 ankles, and 9 wrists. For the wrist we used sagittal
Tlaw SE, axial TME, coronal GE and coronal Short Tau Inversion Recovery (STIR);
for the knee we used sagittal T1-w SE, coronal TME, coronal GE and sagittal STIR;
for the ankle we used axial TME, sagittal Tlav SE, coronal GE and coronal STIR.
Standard MRI examination on the same MRI system, performed immediately
following the short protocol, was used as reference test. The standard MRI protocol
for the ankle and knee consisted of Tl-w half SE, T2.w turbo SE, TME, GE and
STIR sequences; for the wrist we used TME, 3-D T1l-w SE, STIR and GE sequences.

The short and the standard MRI examinations were assessed separately by an
experienced musculoskeletal radiologist, with an intervening interval of on average
40 days. Meniscus tear was defined as a high intensity linear signal in the meniscus
reaching the articular surface. Bone marrow edema was defined as a high signal
intensity in the bone on the STIR sequence. For the diagnosis of fracture the lesion
had to be visible both on STIR as well as on one of the other sequences. Ligament
rupture was defined as a discontinuity of the ligament on a Tl-w SE or T2-w SE
sequence. Additional signs of anterior cruciate ligament (ACL) rupture were
horizontal or vertical orientation, non-visualisation or diffuse increase in signal on
T2-w images, and enlargement of the ligament (11). Partial ACL rupture was
defined as high intensity signal in the ACL with visibly intact fibers passing the
region of high signal intensity.

Using the standard MRI as reference test, we determined sensitivity, specificity,
and the positive and negative predictive values of the short protocol for various
common abnormalities. Sensitivity was calculated as the proportion of patients with
a particular abnormality on the standard MRI series, that demonstrated the same
abnormality on the short MRI series. Specificity was calculated as the proportion of
subjects withour the abnormality on the standard MRI series that did not
demonstrate the abnormality on the short MRI series. The positive predictive value
was calculated as the post-positive test probability of the abnormality and the
negative predictive value was calculated as the postnegative test probability of
absence of the abnormality.
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The study was approved by the institutional review board, all subjects were given
both oral and written explanation of the study and procedures and they all gave
written informed consent.

Results

Table [ presents the minimal acceptable FOV and matrix size required for the
sequences under study, as well as their mean duration. A FOV of 14 c¢m in the
phase encoding direction was always enough to prevent disturbing aliasing in the
region of interest. The minimal acceptable matrix size varied considerably between
the various sequences. The sequences that use partial filling of k-space required a
larger matrix size than the other sequences. Based on clinical applicability and
mean scanning time we selected the Tlav SE with half-Fourier transformation,
Tlw GE, TME and STIR sequences for use in the short protocol. The total
scanning time using this short protocol, including calibration and calculation time,
was 12 minutes.

Table 1. Parameters of the short sequences under evaluation

Phase Mean
encoding scanning
direction of time

FOV*(cm) Matrix size TR (ms) TE (ms) (min:s)

Tl-wSE 14 192*144 550 24 1:39
T1l-w SE-half Fourier 13 192*192 550 24 1.03
Tlaw SE-half Echo 13 192*192 550 14 1:18
T2-w turbo SE 14 192*144 2400 90 2:43
Turbo Multi Echo 14 192*128 2400 38 and 90 2:31
Gradient Echo™* 14 192160 350 38 0:45
STIR*™ 13 192*128 1000 24 1:30

FOV : field of view, TR : repetition time, TE : echo time, SE : spin echo
For all sequences: number of excitations (NEX)=1
Frequency encoding direction: 20 cm for all sequences
** Flip angle: 75 degree
STIR : time to inversion: 80 ms

kkk

45



Development and evaluation of short MRI protocols

Table 2 presents the test characteristics of findings in the 80 studied patients.
Evaluating the presence or absence of any pathology, we found a sensitivity of 0.99
and a specificity of 0.90. Fluid was frequently present in the joint after trauma. The
short protocol had a sensitivity of 0.96 and a specificity of 0.90 for fluid detection
in the joint. All fractures were diagnosed correctly with no false positive or false
negative outcomes. Two of the fractures were radiologically occult; one was a
fracture of the tibia plateau and the other a fracture of the patella. The STIR
sequence was very sensitive for the diagnosis of bone marrow edema and it showed
20 out of 22 cases of bone marrow edema without any false positive findings. The
two cases in which bone marrow edema was not seen using the short prorocol had
in fact only very slight changes of signal intensity on the standard MRI images.

Table 2. Test characteristics of the short protocol compared to the
standard protocol as reference test for various abnormalities.

Sendieiiing Specificity PPV NPV
Any abnormality 69/70 (0.99) 9/10 (0.90)  0.99 0.90
Fluid in the joint 48/50 (0.96) 27/30 (0.90) 094 093
Fracture 6/6 (1.00) 74/74 (1.00) 1.00  1.00
Bone edema 20/22 (0.91) 58/58 (1.00) .00 097
Medial meniscus tear 8/11 (0.73) 35/37 (0.95) 0.80 0.92
Lateral meniscus tear 7/12 (0.58) 34/36 (0.94) 0.78 0.87
ACL rupture 7/9 (0.78) 35/39 (0.90) 0.64 095
ACL rupture or partial rupture 21/25 (0.84) 22/23 (0.96) 0.95 0.85
ATFL rupture 6/10 (0.60) 13/13 (1.00) 1.00  0.76
Syndesmosis rupture 3/4 (0.75) 19/19 (1.00) 1.00 095

PPV : positive predictive value, i.e. post-positive test probability of the abnormality

NPV : negative predictive value, i.e. post-negative test probability of absence of the
abnormality

ACL : anterior cruciate ligament

ATFL : anterior talofibular ligament
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Sensitivity was moderate for medial meniscus tear (73%) and was poor for lateral
meniscus tear (58%). Specificity, however, was high for both medial and lateral
meniscus tears (95% and 949%). For rupture of the anterior talofibular ligament we
found a low sensitivity of 60%, but specificity was 100%. For anterior cruciate
ligament rupture the sensitivity was 78% and specificity 90 %. Of the 9 ACL
ruptures 7 were diagnosed correctly and two were classified as partial rupture. The

four false positive diagnoses of ACL rupture were all found to be partial ruptures.

Discussion

Injuries of ankle, knee, and wrist are a very common reason for patients to visit an
emergency department. The relevance for health care policy of these injuries is
illustrated by the fact that 527 million Euro were spent on the management of
accidental falls (excluding motor vehicle accidents) in the Netherlands in the year
1994 (12). Ankle, knee, and wrist trauma represent a substantial proportion of
these accidents. The costs to society include not only medical costs but also the
costs due to loss of productivity. If the time to diagnosis can be shortened by using
MRI in the initial evaluation, this may lead to earlier and more adequate treatment
and hence earlier recovery. MRI can also be cost saving in patients without
structural damage. Uncertainty of the diagnosis is sometimes a reason for
temporary treatment measures. A normal MRI can obviate the need for these
measures as well as for follow-up visits and additional investigations. Although
performing a short MRI routinely for peripheral joint trauma may increase the cost
of the initial workup, such a strategy may decrease the overall costs to society. The
feasibility of using MRI in the initial workup is greatly enhanced by the
development of relatively inexpensive low field dedicated extremity MRI systems.
The reason for undertaking the present study was to provide a short MRI scanning
protocol for the purpose of initial screening in peripheral joint trauma and to
compare it with the standard extended MRI protocol.

The choice of the scanning parameters is a trade-off between image quality and
scanning time. We determined, subjectively, the minimum required spatial
resolution and contrast that provided images of sufficient quality. The total
scanning time of the short protocol was between 10 and 12 minutes, depending on
the size of the joint, which we think will be acceptable for routine use in acutely
injured joints.

The use of a short MRI protocol as a screening test will only be effective if it has the
ability to predict the presence vs. absence of pathology. Our short protocol did
indeed provide a high positive predictive value (PPV) and a reasonable negative
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predictive value (NPV) for the detection of "any” abnormality. The most common
abnormality found was fluid in the joint. Using the short protocol the presence of
fluid in the joint could be detected fairly accurately, but it was, however, not a
strong indicator of structural damage.

Although the number of fractures in our patient group was relatively low, the
results (no false positive or false negative findings) indicate that the short protocol
is likely to be suitable for the detection of fractures. MRI has been shown to be
very suitable to detect radiologically occult fractures; especially the STIR sequence is
very sensitive, (13-18). Our findings support these earlier reported results.

Several studies report good performance of low field MRI in the detection of
meniscus lesions (7-10). Using the short protocol it is likely that some meniscus
tears will be missed, as indicated by the moderate sensitivity. Most of the missed
meniscus tears, however, appeared to be small tears and not bucker handle tears,
flap tears, or separations. The treatment policy for these small tears will generally be
conservative, since it is unlikely that these small tears will cause complaints in the
long term. In fact, small meniscus tears may heal withourt any specific treatment (19,
20).

The short protocol allows detection of ACL lesions (i.e. both rupture and parrial
rupture of the ACL). If the ACL lesion was accompanied by typical bone marrow
edema in the lateral femur condyl and the posterolateral tibia plateau the
distinction between partial rupture and total rupture was always clear. However, if
no bone marrow edema was present the distinction between partial and rtotal
ruptures was poor. In these cases an additional standard sequence suitable for
depicting ACL lesions will be necessary.

For anterior talofibular ligament lesions the predictive value of a negative short
MRI examination is only moderate. In general, however, early detection of anterior
talofibular ligament rupture is not considered very important, as it does not change
the short-term treatment of the patient. The value of the short MRI examination in
ankle trauma for the detection of syndesmosis rupture is, however, promising
although it must be noted that there were only four patients with this type of lesion
in the study group.

It must be noted that in this study the standard MRI was the reference test.
Because the reference test itself also yields false positive and false negative findings,
we may have overestimated the accuracy of the short protocol to some extent. We
did not use arthroscopy as reference test, because only a few patients actually
underwent arthroscopy and subjecting all subjects to arthroscopy would not have
been ethically justified. Apart from ethical considerations, the value of arthroscopy
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as reference test can be questioned, since most lesions were not intra-articular and
would therefore not have been seen on arthroscopy.

Implementing an initial short MRI examination could potentially lead to
reimbursement problems if health insurance companies and HMOs are not
prepared to pay for a second extensive MRI examination for the same clinical
problem. As with all new applications of technology, we would need to demonstrate
the cost-effectiveness of the strategy we are advocating to convince payers to
reimburse both examinations. Using a short protocol instead of the standard
protocol implies accepting some decrease in diagnostic quality. In spite of this
limitation the application of the short protocol may be valuable if the additional
diagnostic information leads to a change in trearment and subsequently to an

earlier recovery.

We expect that using a short MRI series in the initial examination of peripheral
joint trauma will obviate the need for temporary treatment, follow-up, and
additional examinations in patients with normal findings on MRI. It may also save
costs through earlier return to normal productivity if in patients with positive MR
findings early diagnosis leads to a change in trearment and hence to a faster
recovery. Whether an initial short MRI examination in all patients with peripheral
joint injury would be costeffective compared to the present strategy subject of study
in following chapters.

In conclusion, the short MRI protocol developed on a low field MRI system, taking
only about 12 minutes, may be a suitable routine investigation in patients with
acute trauma of wrist, knee or ankle.
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Abstract

Purpose

To assess the value of a short MRI examination in addition to or instead of
radiography in patients with acute wrist trauma in identifying patients who need
additional treatment versus patients not requiring therapy, who can be safely
discharged from further follow-up.

Methods and materials

Ninety patients with acute wrist trauma were randomized between radiography and
radiography followed by a short MRI examination on a low field dedicated
extremity MR system. Data were collected on sex, age, trauma mechanism,
tenderness of the anatomical snuffbox, radiography result, MRI result, and
treatment. Univariable and multivariable logistic regression analyses were used to
create four models predicting the need for treatment.

Results

Thirty-six fractures were found, only one patient had a significant soft tissue lesion.
In univariable analysis, age (Odds ratio (OR) 1.02, 95% confidence interval (CI)
1.00-1.05), snuffbox tenderness (OR 2.31, 95% CI 0.90-5.69), radiography result
(OR 31.2, 95% CI 8.90-109), and positive MRI result vs no MRI made (OR 1.86,
95% CI 0.57-6.06) significantly predicted treatment. In the multivariable analysis,
radiography result (OR 24.7, 95% CI 6.59-93.1) and positive MRI result (OR 6.28,
95% CI 1.27-31.0) contributed significantly in predicting the need for rreatment.
However, a negative MRI result had no significant predictive value (OR 0.87, 95%

C10.20-3.8).

Conclusion

A short MRI examination on a low field MRI system following radiography in the
initial evaluation of patients with acute wrist trauma has additional value in
predicting subsequent treatment, but it doesn't add in the identification of patients
who can be safely discharged from further follow-up.
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Introduction

The standard diagnostic workup of acute wrist trauma consists of physical
examination, often complemented by radiography. This diagnostic strategy
demonstrates most fractures and luxations, but it provides little information on soft
tissues like tendons, ligaments and the triangular fibrocartilage complex (TFCC).
Another diagnostic problem in the injured wrist is the relatively high rate of occulr
scaphoid fractures (1-2). If an initially missed scaphoid fracture is not detected in time,
the delay in immobilization considerably increases the risk of non-union (3) with
potentially avascular necrosis as a result. A clinically suspected scaphoid fracture, not
visible on initial radiography, is commonly immobilized and re-evaluated by means of
repeat radiography. It may, however, take up to 6 weeks for a fracture to become visible
on the radiograph (1). In this strategy about three out of four patients will be
unnecessarily immobilized (4). Several studies show high accuracy of both high and
low-field MRI in the detection of radiologically occult scaphoid fractures (1, 5-8).
Whereas a scaphoid fracture can be clinically suspected by tenderness of the
anatomical snuffbox, a tear of the triangular fibrocartilage complex (TFCC) or a
rupture of interosseous carpal ligaments cannot be detected by initial physical
examination. Initial MRI examination may play a role in the detection of these lesions
as well, although it's role will likely be more limited in this respect. Early MRI
examination has been found useful in the detection of scapholunate ligament ruptures
and TFCC tears (7), but others state that for the scapholunate ligament the specificity
may be high, but the sensitivity is low (9-12).

The high costs of high field MRI systems have prevented a widespread use of MRI in
acute wrist injury. However, the gradual rise of low field dedicared extremity MRI
systems may have changed this situation, since these systems are considerably less
expensive than high field MRI systems, both in acquisition as well as in utilization, and
their development is progressing rapidly.

The purpose of this study was to evaluate the value of a short MRI examination, using
a low-field dedicated system, in all patients presenting with acute wrist trauma in
predicting the need for treatment after the initial visit. The potential benefit of an early
MRI examination lies in identifying patients that do not need additional treatment
and who can be safely discharged from further follow-up. Moreover, patients that do
have significant wrist injury not visible on the radiograph may be diagnosed earlier if a
short MRI examination were to be performed at the initial visit. Using this strategy
costs may be saved on the one hand by a reduced use of medical resources and on the
other hand by decreasing the time to final treatment and therefore potentially
diminishing time off work, thereby reducing productivity loss.
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Materials and Methods

Study design

The data for this study were obtained from a prospective randomized controlled
trial (RCT) addressing the effectiveness of early MR scanning for trauma of the
wrist. Patients were eligible for the study if they sustained a recent injury of the
wrist (within 7 days of trauma) and were referred to the radiology department by a
traumatologist or orthopaedic surgeon for radiography of the affected joint. All
patients were informed about the study by leafler and by oral explanation. Informed
consent was obtained from all participating patients. The study was approved by the
institutional review board.

The patients were randomized berween plain radiography alone and radiography
combined with MRI examination. Randomization was carried out by drawing from
consecutively numbered sealed envelopes containing computer generated random
assignments. Exclusion criteria were additional injury of head, back, thorax or
abdomen, compound fracture of the wrist, pre-existing complaints of the same wrist
and intoxication by alcohol or drugs. Patients were included from 8.00 h to 23.00
h, 7 days a week by research staff or radiology technologists on service.

Radiographs were taken in posteroanterior and lateral direction. If a scaphoid
fracture was suspected a scaphoid X-ray series was performed, consisting of a
posteroanterior view with the hand in ulnar deviation, a lateral view and two
oblique views. Immediately after the radiography, an MRI was made on a 0.2 Tesla
dedicated extremity MRI system (Artoscan M, Esaote Biomedica, Genoa, Italy). Our
standard MRI protocol for the wrist takes about 30 minutes. This would be both
too time consuming and too costly for application in all patients with acute wrist
injury. Therefore we used a shortened MRI scanning protocol (table 1). This
protocol was achieved by using only one excitation for each sequence, a rectangular
field of view and by limiting the phase encoding direction of the matrix. Shortening
of the duration of the examination comes at the cost of some loss in quality, but in
a pilot study including 48 patients with recent knee trauma we found that the
subjective image quality was acceptable. The average acquisition time was 5.34
minutes with a toral examination time, including startup of the MRI system and
patient positioning, of approximately 15 minutes. The MRI was assessed
immediately by an experienced musculoskeletal radiologist or a radiology resident
without knowledge of the radiography result. The MRI result was reported to the
physician, so the information was available for the decision on treatment or
follow-up of the patient.
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TABLE 1. Parameters of the short MRI protocol

Slice scan
thickness  time
Plane TR (ms)  TE (ms) Matrix (mm) (min:s)

(HF) SE Tl-w Sagittal 420-630 18-24 192 x 216 3.0 0:43
TME PD-w and T2-w  Axial 2310-2480 28-38/90 256 x 128 3.0 2:25
GE” Coronal 360-420 15 192 x 152 3.0 0:45
STIR ** Coronal ~ 830-1060 24.28 192 x 128 4.0 1:37

HF = half Fourier, SE = spin echo, TME = turbo multi echo, PD = proton density,
GE = gradient echo, STIR = short-tau inversion recovery, TR = repetition time,
TE = echo time.

For all sequences: field of view=200x140 mm, number of excitations = 1

*  Flip angle : 75 degrees
**

Inversion time : 80-85 ms

MRI examinations assessed by the radiology resident (e.g. during weekends and in the
evenings) were reassessed by the musculoskeletal radiologist the next day, without
knowledge of the radiography result, and if the interpretation was different, the treating
physician was informed. The radiographs were assessed by the physician in the emergency
ward initially, conform daily practice in our hospital, and the next day the radiographs
were reassessed by the musculoskeletal radiologist in a plenary session with the
traumatologist.

Outcome

As outcome measure we used additional trearment after initial presentation. We did not
use initial treatment as outcome measure because almost all patients received some form
of treatment at the first visit, if only a bandage in case of a contusion. By analyzing
treatment after the initial hospital visit, we were able to assess if MRI could discriminate
between patients who did not need follow-up versus those who needed additional
treatment and follow-up.

Data collection

Data were collected on age, sex, side of trauma, trauma mechanism (direct or indirect
trauma), tenderness of the anatomical snuffbox, radiography result, MRI result (traumatic
injury visible, no traumaric injury visible or uncertain), and therapeutic procedures.
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Dara were obtained by direct assessment and by reviewing all information available
from emergency department records, hospital records, outpatient clinic records,
and the electronic hospital information system. Questionnaires were sent to all
patients one week, six weeks, twelve weeks, and six months after the initial visit, to
obtain information about treatment performed outside our hospital. In case
questionnaires were not returned, we interviewed the patient by telephone,
provided they could be reached within two attempts of calling them. The final
diagnosis was obtained by reviewing all information of diagnostic imaging,
follow-up and questionnaires. The follow-up period was 6 months. However, if the
patient indicated on the questionnaire that he/she did not have daily complaints
anymore the follow up was terminated, since no additional effects of the injury
were to be expected.

Image interpretation

The radiograph and the MRI were scored as ‘positive’ if signs of possible recent
traumatic injury were visible. For the radiograph these signs were fracture, luxation,
epiphysiolysis, osteochondral lesion or scapholunate diastase, indicating rupture of
the scapholunate ligament. The MRI was scored positive if one or more of the
following lesions were present: fracture, luxation, epiphysiolysis, osteochondral
iesion, ligament rupture or TFCC tear. Fluid in the joint or around tendons,
hematoma, soft tissue edema, and bone marrow edema were considered negative
findings, since specific treatment is generally not indicated for these findings. Of
course, the presence of these findings will make the radiologist more cautious about
the possible presence of a fracture or ligament tear.

Data analysis

The predictive value of age, sex, side, trauma mechanism, tenderness of the
anatomical snuffbox, radiography result, and MRI result was analyzed using
univariable logistic regression. For the MRI result the group of patients randomized
to the ‘'no-MRI’ group was used as reference to analyze the incremental value of the
MRI information compared to absence of this information. Therefore the variable
‘MRI result’ was recoded into three different outcomes: ‘positive or uncertain’,
‘negative’, or ‘no MRI performed’. In the regression analysis the MRI result was
analyzed with the outcome ‘no MRI performed’ as reference. In this way the whole
patient population could be used in the analysis of the MRI result.

To account for the fact that the radiograph and MRI contain overlapping
information, we created an additional integrated ‘imaging variable’ containing both
the radiograph and MRI result. This variable had five possible outcomes:
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radiograph negative and MRI not performed, radiograph positive and MRI not
performed, radiograph and MRI both negative, radiograph and MRI discrepant,
and radiograph and MRI both positive. The outcome ‘radiography negative and
MRI not performed’ was considered the reference group for the combined ‘imaging
variable” analysis. With this combined ‘imaging variable’ we took into account the
diagnostic interaction between radiography and MRI.

A variable was included in the multivariable logistic regression analysis if the chi
square pvalue was less than 0.1 in the univariable analysis. We created four
multivariable models predicting the for of additional treatment after the initial
hospital visit. In model 1 only radiography was considered as imaging test; in model
2 radiography was omitted and MRI was used instead, model 3 contained both
radiography and MRI as additive variables; and in model 4 the combined ‘imaging
variable’ was used.

The Likelihood Ratio test was used in a stepwise backward approach to assess if the
variable contributed significantly to the model. A pvalue smaller than 0.05
indicated a significant contribution of the variable in the model. Hosmer and
Lemeshow's Goodness of Fit Test was used to assess calibration of the models (13).
A large p-value indicates good calibration of the model. The area under the
Receiver Operating Charcteristic (ROC) curve was used to compare predictive
performance across the models (14). The difference between the areas under the
ROC curve of the different models was analyzed using the zstatistic for ROC
curves and corrected for the face that they were derived from the same cases (15).
The correction factor was calculated using the Pearson product-moment correlation
method.

Akaike's Information Criterion (AIC) was used to compare the predictive power of
the models (16). AIC is derived from the chi-square statistic and takes into account
the complexity and the accuracy of the model by correcting for the degrees of
freedom. In this way direct comparison of models is possible. A value of AIC equal
to or smaller than O indicates no predictive value of the model. The significance of
a difference in AIC of nested models (e.g. the model with radiography vs the model
with radiography and MRI) was tested using the likelihood ratio test. In non-nested
models (e.g. the model with radiography vs the model with the ‘combined imaging
variable’) this test of significance cannot be used. For these models a difference in
AIC larger than 2 was considered significant. All analyses were performed with

SPSS for Windows (release 10.0.7; SPSS Inc., Chicago, 1L, USA).
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Sample size

For each variable analyzed in the multivariable logistic regression analysis at least 10
patients with an event and at least 10 patients without an event are necessary (20).
Because the data for this study were obtained from an RCT addressing the costs
and effectiveness of early MR scanning of wrist trauma, the number of variables
analyzed in the multivariable regression analysis was determined by the number of
patients included in this RCT. Since 37 of the included patients needed additional
therapy and 50 patients did not need additional therapy, we could analyze 4
variables in the multivariable regression analysis.

Results

From August 1999 to May 2001, 90 patients were included (37 female and 53
male, mean age 40.0 years, range 16.4-80.0 years). A flow diagram of subjects
passing through the trial is listed in figure 1.

Eligible putients
n=180
Not included
n-80
.| reasons
= not meeting inclusion cntena
- refused to parbcipate
Y - nof asked lo participale
Excluded n=60 Excluded
n=1 n=2
reason: % P reason
- pre-existing complaints - pre-axisting complaints
{incarrect inclusion) {incorrect inclusion)
Y Y
MRI No MRI
n=44 n=43
MRI not made
n=4
feasans
= wrist did not fit: locked elbow  |¢
- wrist too painful
= technical problems v
- MRI not available
MRI made
n=40
\4 v v
Additonal Additional Additional
trealment received Irealment received treatment received
n=2 n=1 n=19

Figure 1. Flow diagram of subjects passing through the study.
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Although inclusion was intended to be consecutive, only about half of all eligible
patients was randomized. The reasons were refusal of patients to parricipate and
patients that were inadvertently missed. After enrollment, three patients appeared
to have pre-existing complaints of the wrist and they were subsequently excluded.
Of the remaining 87 patients, 44 were allocated to the MRI strategy and 43 to the
reference group. In 4 patients, allocated to the MRI strategy, the MRI was not made
or not interpretable; in one case because of technical failure, in one case the
examination was interrupted because of pain, in one case the MRI system was not
available, and in one case the patient was not able to extend the elbow, so the joint
could not reach the middle of the magnet bore.

The final diagnoses are listed in table 2. Two triangular fibrocartilage complex
(TFCC) lesions were initially diagnosed on MRI, however, both patients were free
of symptoms without specific treatment within a relatively short time (50 and 60
days). In these cases the MRI result may have been false positive or the TFCC
lesion may have been asymptomatic.

TABLE 2. Final diagnosis in 86 patients with acute wrist injury. The number of
patients in the experimental group and in the control group are noted.

Experimental
Diagnosis group Control group Total
Contusion 26 22 48
Fracture 16 20 36
Distal radius 2 8 10
Distal radius, radiographically occult 4 4
(including 2 Torus fractures)
Distal radius + ulna 1 4 5
Distal radius + scaphoid fracture 0 1 1
Scaphoid 3 5 8
Scaphoid, radiographically occult 3 3
Triquetrum avulsion iy 2 4
Metacarpal 1 * 1
Rupture of extensor pollicis brevis tendon | 1
No abnormality | 1

* These fractures were only visible on the radiograph and not diagnosed on MRI. The
triquetrum avulsions were not visible on MRI and the metacarpal fracture was out of the

field of view
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In one patient radiography showed a scapholunare diastasis of 3 mm, determined
in the mid portion of the scapholunate joint, compared to a joint width of 1,5 mm
in the capitolunate joint. MRI confirmed the scapholunate diastasis, as well as a
suspected scapholunate ligament rupture. This patient, however, was free of
symptoms within seven days after the trauma. It may well be possible that this
patient had a (pre-existing) symptomless scapholunate ligament rupture, which has
been described before (17).

Treatment of fractures consisted of splint, plastercast or rigid synthetic cast in most
cases. In the four cases with an avulsion fracture of the triquetral bone and in three
of four cases with occulr distal radius fracture (all diagnosed on the initial MRI) no
additional immobilization was applied after the first visit. One patient with occult
distal radius fracture was treated with prolonged immobilization during follow-up.
Five clinically suspected scaphoid fractures in the group with only radiography were
immobilized temporarily with plastercast. Only one of these appeared to be a
scaphoid fracture during follow-up. Another of the five parients clinically suspected
of scaphoid fracture appeared to have a ruptured tendon of the extensor pollicis
brevis muscle at the insertion on the proximal phalanx, which was not diagnosed
on the MRI, since it was not within the field of view. Out of 12 patients with a
scaphoid fracture, 9 had tenderness of the anatomical snuffbox, two did not have
tenderness of the anatomical snuffbox and in one case the presence or absence of
tenderness of the anatomical snuffbox was not reported. All patients with a
scaphoid fracture that was occult on radiography, but visible on MRI (Figure 2),
had tenderness of the anatomical snuftbox. No patients with a negative MRI result
regarding scaphoid fracture were found to hav a fracture during follow-up. In seven
cases of all fractures, immobilization was followed by physical therapy. Furthermore,
physical therapy was given in four cases of contusion of the wrist. One patient with
a distal radius and ulna fracture (Smith type) was operated six weeks after the
trauma because conservative therapy had failed.

Regression analysis

Univariable analysis of the variables (Table 3) showed that age, tenderness of the
anatomical snuffbox, radiography result and MRI result were significant predictors
of additional treatment using a pwvalue threshold of 0.1. Sex and side did not
significantly predict treatment.

Since there were only 36 end-points (36 patients treated) and given the low relartive
odds ratio for age, we chose not to use age in the multivariable model to avoid
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Figure 2. X-ray of a wrist
suspected of scaphoid fracture; no
fracture is visible (a). The short
MRI examination reveals a
scaphoid fracture; coronal
Gradient Echo sequence (b)
coronal STIR sequence (c).

overmodelling. Tenderness of the anatomical snufthox, radiography result and MRI
result were used in the multivariable logistic regression analysis (Table 4). The
Hosmer-Lemeshow goodness of fit test showed a nonssignificant p-value for all the
models, indicating good calibration of the models,

In all the models the snuffbox test demonstrated a relative odds ratio of more than
2 in predicting the outcome, but statistical significance could not be demonstrated
(likelihood ratio test p-value >0.05, stepwise backward approach). Radiography,
MRI and the combined ‘imaging variable’ contributed significantly in predicting
the outcome in all the models. In the model with radiography and MRI (model 3) a
negative MRI result did not predict that treatment was unnecessary (since the
confidence interval of the odds ratio contained 1), whereas a positive result
significantly predicted the need for trearment.
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Also in the combined ‘imaging variable’ the combination of radiography and MRI
both negative had no significant predictive value. All other combinations in the
combined ‘imaging variable’ were significantly predictive of the need for treatment.

TABLE 3. Predictors of wrist treatment - univariable regression analysis

Proportion Proportion chisquare
treated in group treated in Relative Odds p-valuey

Variable (predictor) with predictor  reference group  ratio (95% CI)

Sex (male) 18/52 (35%) 18/35 (51%) 0.50 (0.21-1.20) 0.12
Age (continuous) 1.02 (1.00-1.05) 0.07
Side (right vs left) 18/43 (42%) 18/44 (41°%) 1.04 (0.44-2.44) 0.93
Side (right vs left) 18/43 (42%) 18/44 (41%) 1.04 (0.44-2.44) 0.93
Snuffbox tenderness present 14/25 (56%) 22/62 (35%) 2.31 (0.90-5.96) 0.08

(vs absent or unknown)

Xray pos (vs neg or uncertain®) 26/30 (87%) 10/57 (18%) 31.2 (8.90-109) <0.01

MRI resulr (vs not made) 0.06
MRI neg 5/24 (21%)  21/47 (45%) 0.39 (0.13-1.16)
MRI pos or uncertain®* 10/16 (63%) 21/47 (45%) 1.86 (0.57-6.06)
Combined ‘imaging variable’ ¥ <0.01

Xeray and MRI both negative 3/20 (15%) 1/23 (4%) 0.35 (0.33-37.0)
Xeray positive, MRl not made ~ 18/24 (75%) 1/23 (4%)  89.8 (9.18-878)
Xeray and MRI discrepant £ 8/15 (539%) 1/23 (4%) 22.8 (2.41-216)
Xeray and MRI both positive 4/5 (80%) /23 (4%)  79.8 (4.09-1558)

1 wvariables with pvalue < 0.10 were included on the multivariable analyses
3 Xeray results were uncerrain

** 3 MRI results were uncertain.
T Reference category: radiography negative and MRI not made

#  Discrepancy berween radiography and MRI result: 4 times radiography positive and MRI
negative, |1 times MRI positive and radiography negative.

62



Chapter 4

TABLE 4. Predictors of wrist treatment in multivariable analysis - relative odds ratios and

model performance statistics.

Model 1
Snuffbox test and
radiography

(95 % CI)

Maodel 2
Snuffbox test and
MRI
(95 % CI)

Model 3
Snuffbox test,
radiography and
MRI
(95 % CI)

MUI,IL‘I 4

Snufthox test and
combined ‘imaging

variable'
(95 % CI)

Snuffbox renderness

present (vs absent or

unknown) 2.65 (0.81-8.64)
Xeray result positive

(vs uncertain or negative) 17.1 (5.64-52.2)
MRI result (vs no MRI made)

negative

positive or uncertain
Combined ‘imaging variable™

Xeray and MRI both

negative

Keray positive, MRI not
made

Xeray and MRI discrepant
X-ray and MRI both
positive

Maodel performance statistics

Hosmer-Lemeshow GOF
test p=0.66

Akaike's Information
Criterion 30.8

Area under ROC curve 0.83

(95% CI) (0.740.92)

2,16 (0.80-5.84)

0.32 (0.10-1.01)
1.83 (0.56-6.02)

p=0.86

3.97
0.70

(0.58-0.81)

2.29 (0.65-8.08)

24.7 (6.5993.1)

0.87 (0.20-3.82)
6.28 (1.27-31.0)

p=0.47

339
0.87

(0.78:0.95)

211 (0.57-7.78)

3.53 (0.33-37.6)

105 (10.8-1040)
24.6 (2.58-235)

69.5 (3.45-1400)

p=0.71

36.8
0.88
(0.81-0.95)

CI = confidence interval, GOF = goodness of fit.

Reference category: radiography negative and MRI not made
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Figure 3. Receiver Operating Characteristic Curves of the multivariable models:
Model 1 : snuffbox tenderness and radiography
Model 2 : snuffbox renderness and MRI
Model 3 : snuffbox tenderness, radiography and MRI
Model 4 : snuffbox tenderness and the combined ‘imaging variable” (containing

radiography and MRI)

AIC of the model with both radiography and MRI (model 3) was significantly larger
than AIC of the models with only radiography (model 1) or only MRI (model
2)(likelihood ratio test pvalue 0.03 and <0.001 respectively). The difference in AIC
between model 3 and model 4 could not be assessed sratistically, since these models
are not nested, but since the difference was more than 2 it was considered
significant. The areas under the ROC curve - representing discriminatory power - of
all the models conraining radiography did not differ significantly (table 4 and figure
3), however, they were all significantly larger than the area under the ROC curve of
the model without radiography (model 2).

Discussion

In search for improvement of the early diagnostic accuracy in patients presenting
with acute wrist trauma, we assessed the predictive value of radiography and MRI in
predicting the need for additional treatment. The data for this study were obtained
from an RCT assessing the effectiveness of a short MRI examination in all patients
with acute wrist trauma and used to create four prediction models.
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Although one doesn’t need to perform an RCT to create prediction rules, the data
can be used for this purpose.

The addition of MRI to radiography resulted into a significant increase in
predictive power in the identification of patients that would need additional
treatment. The increase of predictive power was only attributable to a positive MRI
result, since a negative MRI result did not add to the information obtained from
the radiograph in predicting that treatment was unnecessary. This means that if the
radiograph is negative, a negative MRI result does not add significant information,
whereas a positive MRI result significantly improves the predictive value. For the
model with radiography and MRI as a whole, the discriminatory power did not
differ significantly from the model with only radiography. MRI instead of
radiography decreased the predictive power.

The only additional contribution of MRI in our population was in identifying
radiographically occult fractures of the scaphoid bone and the distal radius. All of
the scaphoid fractures and one of the distal radius fractures were treated with
prolonged cast. The immobilization of the distal radius fracture was prolonged
because of persisting pain. In contrast to scaphoid fractures, occult distal radius
fractures are not known for potential complications if they are not diagnosed. Our
results suggest that potential value of initial MRI in the acutely injured wrist is only
to be expected in clinically suspected but radiographically occult scaphoid fractures.
The number of scaphoid fractures in our study was to small to make a definitive
statement regarding the value of MRI to exclude scaphoid fracture in the face of
snuffbox tenderness. The value of MRI for the detection of scaphoid fractures has
been shown by others (4, 8, 18-19). Some studies indicate that early MRI in these
patients can be costeffective from a hospital perspective (4, 19) and potentially also
from a societal perspective (18).

The addition of a short dedicated extremity MRI examination to the initial
diagnostic strategy did not lead to the diagnosis of soft tissue injury requiring
treatment. The TFCC lesions and scapholunate ligament rupture as diagnosed with
MRI did not lead to treatment or persistent symptoms.

Limitations of this study

In our study population no patient was treated because of soft tissue injury,
therefore we could not demonstrate any predictive value of initial MRI in this
respect. Our results suggest that the incidence of soft tissue injury in wrist trauma is
relatively low, however, the observed low incidence of soft tissue injury in our study
may be influenced by the relatively short follow-up period of 6 months. Especially

licamentous instability can potentially take months to years to be recognized
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clinically. A low incidence of soft tissue injury after wrist trauma was also found by
Raby in a study on MRI of suspected scaphoid fractures, (19). It must be noted that
many studies report a low sensitivity of MRI for the detection of scapholunate
ligament rupture, although the specificity is generally high (9-12).

Another limitation of this study is the fact that a considerable number of eligible
patients were inadvertently missed. The main reason for missing patients was that
inclusion took place from 8.00 - 23.00 hour, seven days a week. Consequently a
large number of radiology technologists were involved in recruitment and not all
were equally aware of the importance of consecutive recruitment and many were
forgetful.

We assumed that the clinical decision whether or not to treat a patient was always
correct. However, it is possible that some patients were treated unnecessarily or that
patients were inadvertently not treated. The first group is difficult to estimate;
regarding the latter group, we found that four patients without a demonstrated
lesion on radiography or MRI still had complaints of the injured wrist three
months after the injury. One of these patients was strongly suspected of having a
borderline personality disorder and had visited our hospital for numerous
complaints. Another patient received physical therapy, without a clear diagnosis.
The other two patients received physical therapy, but did not seek medical
attention for their persistent symptoms. It may be possible that these last three
patients in fact had a significant, bur undetected lesion. This may be caused by the
fact that we used an MRI protocol with a limited matrix size and limited number of
excitations to reduce scanning time. However, if we missed a lesion in these
patients, it apparently was no lesion that led to persisting complaints without
treatment, since all three were sympromfree within 6 months.

The strategy of a short MRI examination in the initial evaluation of acute wrist
trauma may be implemented in daily routine only if it has shown to be
costeffective. The potential is to reduce unnecessary trearment and to expedite
necessary treatment, thereby reducing time off work, which is an important cost to
society. A reduction of these costs may outweigh the costs of a short MRI
examination. Further work should focus on this issue.

Conclusion

A short MRI examination on a low field MRI system in the initial workup of all
patients with acute wrist trauma has additional value in predicting the need for
trearment in addition to radiography, but it does not add in the identification of
patients who can be safely discharged from follow-up.
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Early MRI may, however, be wvaluable when performed in patients clinically

suspected of a scaphoid fracture, but with normal radiographs.
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Abstract

Purpose
To assess the predictive value of dedicated extremity MRI in the initial stage after
knee trauma in distinguishing patients requiring treatment following the first

hospital visit from those who can be discharged from follow-up.

Materials and Methods

196 patients presenting with recent knee injury were included in a prospective
randomized clinical trial if a plain radiograph was ordered. They were randomized
between radiography only and radiography plus immediate MRI as diagnostic
strategy. MRI was performed on a 0.2 Tesla dedicated extremity MRI scanner using
four short pulse sequences. Univariable and multivariable logistic regression
an;l[ysis was used to evaluate patienr chamcteri:‘-tics, rrauma mcchanism, and
findings on radiography and MRI for their ability to predict whether trearment was
required within the follow-up period of six months after initial presentation.

Results

Treatment was required in 109 patients. Age 30 years or higher, indirect trauma
mechanism, radiography result, and MRI result were significant predictors of
treatment in both the univariable and multivariable analysis (p<0.05). However, in
the multivariable analysis a normal MRI result did not contribute significantly to
the prediction that additional treatment would be unnecessary. Only an abnormal
MRI result significantly predicted the need for treatment and only when MRI was
used as a replacement of radiography (odds ratio 2.61 [95% CI: 1.12-6.00)).

Conlusion

Implementation of a dedicated extremity MRI examination in addition to or
instead of plain radiography improves the prediction whether additional treatment
is required in patients presenting with traumatic knee injury, but does not
significantly aid in identifying patients who can be discharged from further
follow-up. Therefore, the additional value of a short MRI examination in the initial

stage after knee trauma is limited.
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Introduction

Traumatic injuries of the knee joint, often caused by sports activities, constitute a
large proportion of musculoskeletal trauma encountered in the emergency
department. The initial evaluation of knee injuries usually consists of taking the
clinical history and performing a physical examination, involving various
manipulative tests (1, 2). Although physical examination may aid in establishing the
diagnosis at a later stage or when performed under anaesthesia, its accuracy in the
acute stage has been questioned especially for meniscal tears, and it is influenced by
many factors (3-5). Moreover, it has been well recognized that thorough physical
examination of a recently injured knee with acute hemarthrosis is often difficult
due to swelling, pain, and guarding (6-8).

If a fracture is suspected, plain radiography is usually added to the diagnostic
work-up, often based on criteria previously published as the Ottawa Knee Rule (9,
10). However, traumatic abnormalities other than a fracture may be present in the
knee joint that cannot be visualized by radiography. Unlike radiography, magnetic
resonance imaging (MRI) does provide information on soft tissue damage and has
widely been accepted for the evaluation of internal knee derangements. A recent
systematic review and meta-analysis demonstrated that MRI has a very good
performance in diagnosing tears of the menisci and cruciate ligaments (11).
Nonetheless, the routine use of MRI in the initial work-up of acute knee injuries,
has been hampered by the high costs, the limited availability, and the long duration
of an MRI examination. Low-field dedicated extremity MRI scanners have been
developed to overcome some of these problems. Because of the compact design and
low-field strength of these type of scanners, the costs can be kept relatively low
compared to high-field whole-body units. Therefore, low-field dedicated extremity
MRI has created the possibility to apply MRI more routinely in the initial
evaluation of knee trauma.

Application of MRI as an initial examination tool after knee trauma in the
emergency room setting can potentially yield benefit to the patient and the health
care system. Detailed imaging information in an early stage may result in more
timely diagnosis and treatment in patients who would otherwise have been
followed with delay of definitive therapy. Conversely, patients could possibly be
identified who are unlikely to require specific treatment and who will thus not
need reassessment or follow-up. In the light of cost minimization and efficiency this
may be beneficial since these patients do not need to return to the outpatient
department.
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Purpose of this study was to assess the predictive value of MRI in the initial stage
after knee trauma, additionally to and instead of radiography, in distinguishing
patients requiring treatment from those who can safely be discharged without
additional work-up or follow-up. For this purpose we implemented a low-field
dedicated extremity MRI examination using a short protocol.

Materials and methods

Study design and study population

This study was part of a prospective RCT aimed at assessing the value and
cost-effectiveness of dedicated extremity MRI in the initial evaluation of all patients
with acute knee injury. Although it is not necessary to perform an RCT to study
the predictive value of MRI in acute knee trauma, we used the data from such a
trial to do so. Where applicable we followed published guidelines for reporting the
results of RCTs (12) and otherwise those for reporting diagnostic studies (13). The
study was approved by our institutional review board.

From August 1999 to May 2001 we recruited patients from the emergency
department of our university hospital who were referred for plain radiography by a
traumatologist or orthopaedic surgeon because of traumaric knee injury within the
preceding seven days. We excluded patients who had additional injury of the head,
back, thorax, or abdomen, patients with a compound knee fracture, patients
requiring urgent treatment (c.g. in case of threatened circulation of the leg), and
patients with pre-existing symptoms of the same knee. Patients were included seven
days per week from 08.00 a.m. to 11.00 p.m. All eligible patients were provided
with written and oral information about the aim of the study. After informed
consent was obrained, patients were randomized between the current diagnostic
work-up (only plain radiography) and a strategy in which plain radiography was
immediately followed by a short dedicated extremity MRI  examination.
Randomization was performed by research staff not involved in the further
management of the patient, using consecutively numbered sealed envelopes
containing computer-generated random assignments.  We applied block
randomization with a block size of 20 to achieve equal numbers of patients in both
study arms.
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Imaging technique and interpretation

Radiography was performed in anteroposterior and lateral direction, complemented
by additional patellar or tunnel views if a patellar fracture or a loose body was
suspected by the examining physician. For the MRI examination, we used a
low-field dedicated extremity MRI system (Artoscan M, Esaote Biomedica, Genoa,
[taly) with a 0.2 Tesla permanent magnet and a dual phased array knee coil. A
larger linear knee coil was used in case of a very large knee. Regarding the scanning
protocol we aimed at providing a quick examination in the emergency setting,
minimizing costs and burden to the patient. With these goals in mind we adapted
several scanning parameters in order to reduce rtotal examination time. This
resulted in some loss of image quality, but in a pilot study the scanning protocol as
listed in Table 1 was found to be of acceprable quality to detect most lesions (14).

Table 1: MRI scanning protocol

Plane TR (ms) TE(ms) Marrix Slice  Acquisition
thickness time (range;
(mm) min:sec)

(Half Fourier) SE Tl-w  Sagirtal ~ 490-720 1824 192x 216 5.0 0:49 - 1:08
TME PDav and T2-w Coronal 2150-2640 28-38/90 192 x 128 5.0 2:23-2:41
GE* Coronal ~ 500-595 15-16 192x 128 5.0 0:48 - 0:53
STIRY Sagittal  1060-1290 2428 192 x 128 6.0/7.0 1:37-1:46

Note: The field of view was 200x140 mm and the number of excitations was 1 for all
SC(]UC]‘IL‘CF.

SE = spin echo, TME = turbo multi echo, PD = proton density, GE = gradient echo,
STIR = short-tau inversion recovery, TR = repetition time, TE = echo time.

* Flip angle = 75 degrees,

T Inversion time = 80-85 ms

Average acquisition time was 6:07 minutes with a total examination time, including
start-up of the MRI unit and patient positioning, of less than 15 minutes. According to
daily practice in our hospiral, the radiographs were initially assessed by the treating
physician in the emergency department and they were later reassessed by a
musculoskeletal radiologist during a daily plenary session with the treating physician.
The MRI was immediately interpreted by an experienced musculoskeletal radiologist

(A.Z.G.) who was unaware of the radiography result.
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The findings on MRI were reported to the treating physician in the emergency
department, so that they could aid in the decision whether to treat or follow the
patient. In a minority of cases (e.g. during the weekends and in the evenings) the
MRI was assessed by a radiology resident and reassessed by the musculoskeletal
radiologist the next day. The treating physician was notified of any discrepancies in
interpretation.

For the purpose of our analysis, the radiography and MRI results were scored as
abnormal or normal, based on the presence or absence of recent traumatic
abnormalities that generally would require treatment. Radiography was considered

abnormal if a fracture, epiphysiolysis, dislocation, or osteochondral lesion was

visible. The MRI result was scored as abnormal if one or more of the following
lesions were present: fracture, epiphysiolysis, dislocation, osteochondral lesion,
meniscal tear, anterior cruciate ligament (ACL) total rupture, posterior cruciate
ligament (PCL) total rupture, medial collateral ligament (MCL) toral or partial
rupture, and lateral collateral ligament (LCL) total or partial ruprure. Although a
partial rupture of the ACL or PCL is obviously a traumatic lesion, we considered
the MRI result as normal for the purpose of our analysis if this was the only visible
abnormality, since an isolated partial tear of a cruciate ligament does not usually
need specific treatment. A partial collateral ligament rupture, however, is usually
treated with a knee brace. Similarly, radiography and MRI were scored as normal
(i.e. not requiring specific treatment) if only joint effusion, hemarthrosis, soft tissue
edema, bone marrow edema, meniscal degeneration or osteoarthritis was seen, or if
the findings suggested an old traumatic lesion.

Outcome and follow-up

The outcome measure was additional trearment within six months after the initial visit
to the emergency department. Trearment was defined as any specific additional
therapy, including surgery, physiotherapy with supervised and structured rehabilitation
exercises, plaster cast, and taping. Minor initial treatment measures, such as a pressure
bandage, were not regarded as a specific treatment.

Patients were followed as long as they had daily complaints of the affected knee up to a
maximum of six months after initial presentation. Data were collected by searching the
emergency department records, hospital records, outpatient clinic records, and the
electronic hospital information system. In addition, we sent questionnaires to all
patients, asking whether they had undergone treatment in another institution.
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These questionnaires were mailed at one week, six weeks, twelve weeks, and six months
after the initial visit to the emergency department. If the questionnaires were not
returned we attempted to interview the patients by telephone. The final diagnosis was
determined by reviewing all information from diagnostic imaging, follow-up,
questionnaires, or arthroscopy or operation reports if available.

Data analysis

The data were analyzed by intention-to-diagnose-and-treat using univariable and
multivariable logistic regression analysis. We evaluated the following independent
variables for their ability to predict whether trearment was required within 6
months after the initial hospital visit: age (both continuous and dichotomized at
various threshold levels), sex, side, trauma mechanism (indirect or direct trauma),
and the result of both radiography and MRI (abnormality requiring trearment
versus no abnormality). The absence of MRI information, which was the case in
half of our patient population due to the randomized study design, was used as the
reference category for the MRI result in the analysis (normal or abnormal versus no
MRI information). This allowed us to determine the additional value of the MRI
result compared to no MRI information.

To account for the fact that the findings on radiography and MRI are correlated, we
created an overall 'imaging variable' integrating the results of both the radiography
and MRI examination. In this variable, the following five possible combinations of
radiography and MRI results were coded using four dummy variables: 1)
radiography normal and no MRI information (reference category), 2) both
radiography and MRI normal, 3) radiography abnormal and no MRI information,
4) radiography and MRI discrepant, and 5) radiography and MRI both abnormal.
Using this 'imaging variable' one takes into account the diagnostic interaction
between radiography and MRI, which may be involved if two imaging modalities
are used together to visualize the same lesion. It is therefore a more appropriate
manner of analyzing the result of radiography and MRI combined, rather than
using the two variables separately in the same regression model.

We first assessed ecach variable separately using univariable logistic regression
analysis and calculated the odds ratio (OR) and the 95% confidence interval (CI).
Subsequently, we performed multivariable logistic regression analyses including all
variables that had a chi-square p-value of less than 0.10 in the univariable analysis.
Because we wanted to assess the value of the imaging modalities we created four
models with inclusion of respectively radiography (Model 1), MRI (Model 2),
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radiography and MRI (Model 3), and the overall 'imaging variable' described above
(Model 4). We used Hosmer and Lemeshow's goodness-of-fit test to evaluate the
calibration of the models. A Hosmer and Lemeshow goodness-of-fit test that is not
significant (pvalue > 0.05) indicates that the model fits well with the observed data
(15). The area under the receiver operating characteristic (ROC) curve was calculated to
assess the discriminatory power of each model in distinguishing patients requiring
treatment from those who can be discharged. A larger area under the ROC curve
indicates higher discriminatory power (16). To compare the area under the ROC curve
across the models, we used the method described by Hanley and McNeil (17), which
adjusts for the fact that the models are correlated since they were derived from the
same sample of patients. The likelihood ratio test, which can be used for comparing
nested models, was used to assess the value of MRI in addition to radiography by
comparing Model 1 and Model 3. To compare models that are not nested, one needs
to calculate Akaike's infomation criterion (AIC) for each model and assess the
difference in AIC between the models. The AIC of a model is calculated by subtracting
two times the degrees of freedom from the model chisquare estimate (18). A higher
AIC indicates better model performance. We used this technique to assess the value of
MRI as a replacement of radiography by comparing the AIC of Model 1 with Model 2,
and also in addition to radiography by comparing the AIC of Model 1 with Model 4. A
difference in AIC larger than 2 was considered significant. All analyses were performed

using SPSS for Windows (release 10.0.0; SPSS Inc., Chicago, IL).

Sample size

The data for this study were obtained from an RCT evaluating the costs and
effectiveness of early MRI of knee trauma and, hence, the number of independent
variables that could be analyzed in the multivariable regression analysis was
determined by the number of patients included in the RCT. 109 included patients
received treatment and 80 patients did not need receive treatment. Since at least 10
patients with an event and 10 parients without an event are necessary for each
independent variable in the multivariable logistic regression analysis (19), a maximum
of 8 independent variables could be analyzed.

Results

196 patients were initially included in the study. Although inclusion was intended to
be consecutive, only about half of the eligible patients were included, the main reason
being that radiology technologists on service who were supposed to identify eligible
patients and ask them to participate in the study often forgot to do so.
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Six patients were incorrectly included and they did not fulfill the inclusion criteria on
reascertainment. One patient presented to our hospital more than seven days after
knee injury, three had a history of pre-existing symptoms of the knee joint, and
another two partients had a non-traumatic origin of knee pain. These six patients,
together with one patient in whom automutilation was strongly suspected, were
excluded from the analysis. Of the 189 remaining patients (123 male, 66 female;
mean age 33.4 years, standard deviation 13.9, range 12.6-74.6) 96 patients were
randomized to radiography as the diagnostic strategy, while in 93 patients
radiography was followed by MRI. A flow diagram of subjects passing through the
study is presented in Figure 1.

Eligible patients
n =400

Not included
n =200

reasons;

- not meeting inclusion criteria
- relused 1o participate

- not asked 1o participate

Randomized

n=196 Excluded

n=4

Excluded
n=3
reason; reasons
- presented more than 7
days after trauma
- non-traumatic knee pain
- pre-existing symptoms
(n=2)

- automutilation suspected
- non-traumatic knee pain
- |‘H."L'R|.\|.i|1|5 sympioms

L
MRI no MRI
n=93 n=96

v h 4
Additional Additional
treatment received treatment received
n=56 n=353

Figure 1. Flow diagram of patients passing through the study.
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The lesions that were found on MRI together with the corresponding frequencies
are listed in Table 2 (see Figures 2 and 3 for illustrative examples).

Table 2: Frequency of lesions found on MRI

Lesion type Frequency
Fracture 11
Anterior cruciate ligament total rupture 17
Anterior cruciate ligament partial rupture * 9
Posterior cruciate ligament total rupture 0
Posterior cruciate ligament partial rupture * 1
Medial collateral ligament total rupture 2
Medial collateral ligament partial rupture 8
Lateral collateral ligament total rupture |
Larteral collateral ligament partial rupture 5
Medial meniscus rupture 17
Lateral meniscus rupture 10
Osteochondral lesion 3
Bone marrow edema * 23

Note: multiple lesions may be present in the same patient
* not regarded as a traumaric lesion requiring treatment in
the analysis

During the follow-up period 109 patients underwent treatment, consisting of
arthroscopic surgery in 21 cases including ACL reconstruction in 1 case, open
surgery in 5 cases, drainage in | case, and plaster cast immobilization in 23 cases,
sometimes supplemented by physiotherapy. Among the 21 cases of arthroscopic
surgery, partial meniscectomy was performed in 18 cases. Of these patients, 10
patients had been randomized to the MRI diagnostic strategy and in all these
patients the meniscal tear was diagnosed on MRI. The 5 cases of open surgery
consisted of resection of an ACL fragment combined with reefing of the MCL,
rectus femoris tendon suturing, osteosynthesis of a tibial plateau fracture and
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spongiosa-plasty, reinsertion of the MCL on the rtibia, and fixation of an
osteochondritis dissecans fragment with bone pins. In 56 patients physiotherapy
was the only treatment.

Figure 2alb.

a) Anterior cruciate ligament tear (sagittal T l-weighted Spin Echo sequence).

b) On the STIR sequence associated bone marrow edema is visible in the lateral
femoral condyle and the posterolateral tibial plateau.

The ORs and 95% ClIs of all demographic, clinical, and imaging variables thar were
assessed in the univariable logistic regression analysis are presented in Table 3.
Age, trauma mechanism, radiography result, MRI result, and the overall 'imaging
variable' had a chi-square pvalue of less than 0.10 and were subsequently used in
the multivariable analysis. Age of the patient was a significant predictor of
treatment as continuous variable, but the most significant association was found
when age was dichotomized with 30 years as threshold. Compared to no MRI
information, an abnormal MRI result was predictive for the need for treatment,
whereas a normal MRI result was predictive of no treatment required. Similarly,
regarding the overall 'imaging variable', the category in which radiography and MRI
were both abnormal was significantly predictive for treatment, and the category in
which radiography and MRI were both normal was significantly predictive of no
treatment required. The two intermediate categories had no significant association
with treatment. As expected, sex and side were insignificant in the univariable
analysis.
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Figure 3. Tear of the posterior
horn of the lateral meniscus (sagittal
Tlweighted Spin Echo sequence).
A displaced fragment is seen
posterior to the anterior horn
(arrow).

We created four multivariable models including the significant variables from the
univariable analysis, with different combinations of the two imaging modalities
(Table 4). All variables were significantly contributive ro these models (all likelikood
ratio test pvalues < 0.05). Model 1 consisted of age, trauma mechanism, and the
result of radiography. In Model 2 the result of radiography was replaced by the MRI
result, which was only found to be a significant predictor of the need for trearment
if abnormal, whilst a normal MRI result could not predict that trearment was not
required, reflected by a 95% CI of the odds ratio containing unity. Model 3
consisted of age, trauma mechanism, and the results of both imaging modalities
using the separare variables for radiography and MRI results (additive combination
of Models 1 and 2). In this model the odds ratios of the MRI variable were
insignificant for both a normal and an abnormal MRI result, suggesting that a
positive or a negative MRI result, versus no MRI information available, does not
significantly contribute to the prediction of the need for treatment when controlled
for age, rrauma mechanism, and radiography resule. Model 4 consisted of age,
trauma mechanism, and the overall 'imaging variable'. Although this variable did
significantly contribute in the prediction of treatment (p=0.002), only the odds
ratio of the category in which both radiography and MRI were abnormal was
significant.
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Table 3: Performance of clinical and imaging variables in predicting the need for
treatment - univariable logistic regression analysis

Variable Proportion Proportion treated  Univariable Odds chi-
treated in group  in reference group ratio square
with predictor (95% CI) pvalue*

Age (continuous) 1.02  (1.00-1.04) 0.06

Age 2 30 years 64/95 (67%) 45/94 (48%) 2.25 (1.254.05) 0.01

(versus < 30 years)

Sex (male versus female) 68/123 (55%) 41/66 (62%) 0.75 (0.41-1.39) 0.36

Side (lefr versus righr) 49/88 (56%) 60/101 (59%) 0.86 (0.48-1.53) 0.61

Indirect trauma (versus 76/100 (70%) 32/78 (419%) 3.31 (1.80-6.09) <0.001
direet trauma)

Radiography: abnormal 19/24  (79%) 88/161 (55%) 3.15 (1.12-8.85) 0.02
(versus normal) £

MRI result (no MRI <0.001
information as reference)

normal 15/42 (36%) 53/96 (55%)  0.45 (0.21-0.95)

abnormal 41/51 (80%) 53/96  (55%) 3.33  (1.49-7.40)
Imaging variable § <0.001

radiography and MR1 14/40  (35%) 47/85  (55%) 0.44 (0.20:0.95)

both normal

radiography abnormal, 5/9  (56%) 47/85 (55%) 1.01 (0.254.03)
no MRI info

radiography and MRI 28/37 (76%) 47/85 (55%)

discrepant

radiography and MR 13/14  (93%) 47/85  (55%) 10.5 (1.32-84.0)

both abnormal

8]
I
2

(1.06-5.97)

Cl = confidence interval: the odds ratio can be considered significant if the 95% CI
does not include unity.

* Variables with paalue < 0.10 were included in the multivariable analysis

T Analysis of 187 patients since data on 2 patients were missing

+ Analysis of 185 patients since data on 4 patients were missing

§ Reference caregory: Radiography negarive and MRI not made
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Table 4: Multivariable prediction models for treatment

Qdds ratio (95% CI)

Likelihood ratio test pvalue

Predictor Model 1 Model 2 Model 3 Model 4
Age (2 30 years versus < 30 years) 2.88(1.47-5.62) 2.38(1.224.63) 2.62(1.32-5.21) 2.52(1.265.03)
p=0.001 p=0.010 p=0.005 p=0.008
Trauma (indirect versus direct) 4.89 (2.45.9.76)  3.40(1.74-6.63) 4.17(2.058.50) 4.15(2.04-8.43)
p<0.001 p<0.001 p<0.001 p<0.001
Radiography (abnormal versus normal) ~ 5.24 (1.67-16.4) 3.65(1.12-11.9)
p=0.002 p=0.023
MRI result (versus no MRI informarion) p=0.004 p=0.041
normal 0.53(0.24-1.19)  0.58 (0.26-1.33)
abnormal 2.61(1.126.06)  2.11(0.89-5.00)
Imaging variable * p=0.002

radiography and MRI both normal
radiography abnormal, no MRI info
radiography and MRI discrepant

radiography and MRI both abnormal

Model performance statistics
Hosmer-Lemeshow statistic T
Area under ROC curve (95% CI)

Akaike's information criterion

1.80; p= 0.77
0.74 (0.670.81)
28.44

3.54; p=0.83
0.74 (0.670.82)
27.71

3.45; p=0.84
0.77 (0.70-0.84)
30.84

0.52(0.22-1.21)
1.90 (0.43-8.39)
1.86 (0.754.65)
14.0(1.62-121)

2.82; p=0.95
0.77 (0.70-0.84)
30.07

All models fitted for the same 183 patients with no missing data.

Variables included in the models were:

Model 1: age, trauma mechanism, and radiography.
Model 2: age, trauma mechanism, and MRIL.
Model 3: age, trauma mechanism, radiography, and MRI.

Model 4: age, trauma mechanism, radiography, and the ‘imaging variable’

The likelihood ratio pvalue concerns the predictor as a whole, whereas the odds ratios concern the predictor
results,

CI = confidence interval; the odds ratio can be considered significant if the 95% CI does not include uniry.

* Reference category: Radiography normal and no MRI information

+ Hosmer and Lemeshow goodness-offit test was not significant for all models, indicating that they fit well.

All model performance statistics are tabulated in Table 4. The Hosmer and
Lemeshow goodness-offit test was not significant for any of the models, indicating
that all models fit well with the observed data. The area under the ROC curve was
not significantly different across the models, suggesting that all models were equal
in terms of discriminatory power.
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Adding MRI to Model 1 (and thus creating Model 3) significantly improved the model
performance (likelihood ratio test pvalue 0.04), indicating that information from MRI
improves model performance when added to radiography. However, as is noted above,
this did not result in a better discrimination between patients requiring treatment and
patients who can be discharged from follow-up, since both a normal and an abnormal
MRI result compared to no MRI information had a 95% CI including unity. The AIC
of Model 2 was found to be lower than that of Model 1, suggesting that MRI as a
replacement of radiography does not improve model performance. Similarly, the
performance of Model 4 (including information from MRI in the 'imaging variable')
was not significantly better than that of Model 1.

Discussion

We studied the value of MRI as a routine screening tool in the initial stage after
knee trauma, a serting in which MRI has not been widely implemented thus far.
The purpose of performing imaging tests in the acute stage is to distinguish patients
who require additional treatment from those who do not. This allows patients to be
treated appropriately and others to be discharged from follow-up without the need
for additional visits or work-up. MRI has been advocared as a screening tool prior
to therapeutic arthroscopy, since it has proven to be very reliable in detecting
internal knee derangements non-invasively (11, 20). Application of MRI as an
initial examination tool in the emergency room setting, however, has been limited
by the associated high costs and other problems such as burden to the patient, long
scan time, and limited availability of an MRI scanner. We used a dedicated
extremity MRI system, the design of which could overcome most of these problems.
Because of the low-field strength and the relatively small size of the equipment it
does not require infrastructural changes prior to installation, so that the costs of
installation and maintenance of such an MRI scanner are low compared to a
high-field whole body unit. Furthermore, it has been shown that lower magnetic
field strength does not substantially reduce the diagnostic performance for most
internal knee derangements (11, 21-25).

Using four multivariable logistic regression models, we assessed the value of a
dedicated extremity MRI examination in predicting the need for additional
treatment in patients with acute knee trauma when performed in addition to and
instead of radiography. Contrary to what we expected, the results of this study
suggest that such an MRI examination has limited additional value to radiography
in predicting the need for treatment.
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Although the MRI variable was significant in predicting the need for treatment
when added to the model with radiography, compared to the current situation of
no MRI information available neither an abnormal nor a normal MRI result had
significant added predictive value. As an alternative to radiography, MRI was only
significantly predictive of treatment if abnormal, while it did not contribute in
identifying patients who will not require treatment and who can be discharged
from follow-up.

We used a short MRI scanning protocol which may partly account for the limited
additional value of MRI that we found in our study. However, we believe that a
more expanded or routine protocol is not feasible for routine application in the
emergency setting due to the excess burden to the patient because of the longer
examination time and the higher costs. Furthermore, the aim was to use this
protocol as a triage tool to distinguish patients who require treatment from patients
who can be discharged from further follow-up. Considering this purpose, we think
that a less extensive MRI technique than is commonly used for a regular MRI

examination should suffice.

Our method of coding the MRI result may also have influenced the results of this
study. We only considered an MRI abnormal if one or more lesions were visible
that generally require therapy. Visible lesions that are usually not treated, such as a
partial ACL rupture, were not counted as abnormal using this definition. Although
this is justified in the majority of cases, we recognize that exceptions are possible in
specific patient groups such as professional athletes. Therefore, the results of this
study must be judged taking into consideration the classification method of the
MRI findings. Although bone marrow edema does not require specific treatment as
such, it can be an indirect manifestation of another lesion and therefore increase
the likelihood of treatment. We performed a separate analysis in which isolated
bone marrow edema was scored as an MRI finding requiring additional treatment,
but this did not change the significance of any predictor (data not shown).

Apart from radiological techniques, we assessed the predictive value of clinical
factors such as age and trauma mechanism. Higher age is associated with a higher
prevalence of degenerative knee disorders, which in turn is associated with
increased likelihood of structural damage after trauma. For example, a meniscal tear
occurs more easily in a meniscus with myxoid degeneration than in an unaffecred
meniscus. In our analysis age above 30 years was found to be significantly predictive
of treatment required.
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Higher age is also associated with a higher prevalence of preexisting asymptomatic
meniscal tears, but because of the long waiting period for arthroscopy in our
institution it is unlikely that preexisting asymptomatic meniscal tears were
unnecessarily treated in our study. We also recorded whether the mechanism of
injury was a direct blow or an indirect, usually rotational force or varus or valgus
stress, which has been shown to give rise to different patterns of findings on MRI
(26, 27). Whereas a direct hit more often gives rise to a fracture, an indirect trauma
more frequently causes meniscal tears, ligament ruptures, and osteochondral
lesions, and was found to be a significant predictor of the need for treatment in this
study.

A potential limitation of this study is that we did not assess the predictive value of
findings on physical examination. However, the accuracy of physical examination of
the knee joint has been controversial especially if performed in the acute stage. It
has been widely recognized that extensive joint swelling, pain, or guarding render
physical examination without anaesthesia inaccurate in the carly stage (6-8), which
was the phase of interest in this study. Moreover, it has been reported that the
accuracy of physical examination of the knee is influenced by the experience of the
physician (28).

Another limitation of this study is that we defined treatment within the follow-up
period as the outcome measure, assuming that this truly reflected the need for
treatment in all patients. However, it is possible that patients were incorrectly
discharged from further treatment and follow-up, or that patients received
unnecessary trearment. We believe that the assumprion is justified for those
patients who were analyzed as not requiring therapy. If trearment were incorrectly
withheld in the initial stage, these patients would likely have returned and received
treatment within the six months of follow-up because of persisting symproms. On
the other hand, the appropriateness of a treatment that has already been undergone
is difficult to assess in retrospect, so that we were unable to identify patients who

had been treated unnecessarily.

Follow-up of patients in this study was limited to a period of six months after their
initial visit to the emergency department. Although one might argue that we may
have incorrectly classified patients in whom treatment was initiated after this six
months period as having undergone no treatment, we do believe that this is rarely
the case, since therapy of traumatic lesions of the knee joint is generally initiated

soon after the injury if necessary.
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Nonetheless, we found that in some cases surgery was performed after the six
months follow-up period, because of the waiting time for arthroscopy. This was the
reason why we did not use surgery as an alternative outcome measure in this study.
In all of these patients, however, physiotherapy had already been initiated within
six months after first presentation, so that these patients were dealt with correctly
in our analysis. We acknowledge that the indications for physiotherapy are often
not well-defined so that it can be argued that physiotherapy should not count as a
specific treatment. Therefore, we repeated the analysis in which physiotherapy as
such was not considered a specific treatment. Using this definition of the outcome
we found the same significant predictors in the univariable analysis. In the
multivariable analysis age was only a significant predictor in Model 1, but the
significance of the imaging variables in all models was not affected (data not
shown). Also, all odds ratios of the imaging variables and the model performance
statistics were similar, so that this additional analysis did not change the
conclusions of our study.

Based on the results of this study one would conclude that a prediction of the need
for treatment in patients presenting after acute knee trauma can be made based on
age, trauma mechanism, and the radiographic result. To apply this prediction rule
in clinical practice would require choosing the optimal threshold score which
requires consideration of the probability of a treatable lesion and the benefit gained
by making a correct prediction weighed against the consequences of an incorrect
prediction in terms of expected effectiveness and costs. The optimal threshold value
of the prediction rule represents the combination of true- and false-positive ratios
that yield the greatest expected utility for the patient at acceptable costs to society

(16).

We conclude that the value of a dedicated extremity MRI examination in the initial
stage after knee trauma is limited. Implementation of a dedicated extremity MRI
examination in addition to or instead of plain radiography improves the prediction
whether additional treatment is required in patients presenting with traumatic knee
injury, but does not significantly aid in identifying patients who can be discharged
from further follow-up.
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Abstract

Purpose

To assess the value of a short MRI examination in addition to or instead of
radiography in all patients presenting with acute ankle trauma, in order to identify
patients who require additional trearment versus patients that will not need
additional therapy and can be safely discharged from further follow-up.

Methods and materials

In a prospective controlled trial 197 patients with recent ankle trauma were
randomized between radiography and the combination of radiography and a short
MRI examination. Data were collected on sex, age, side, trauma mechanism,
radiography result, MRI result, and treatment after the initial visit to the hospital.
Using univariable and multivariable regression analysis, four models were created ro
predict treatment.

Results

Additional treatment was necessary in 109 of the 197 patients. In univariable
analysis age (Odds ratio (OR) 1.02, 95% confidence interval (CI) 1.00-1.04),
radiography result (OR 7.92, 95% CI 3.17-19.8) and positive or equivocal MRI
result vs no MRI made (OR 2.42, 95% CI 1.254.70) predicted treatment. In the
multivariable analysis a positive or equivocal MRI result (OR 2.61, 95% CI
1.28-5.30) contributed significantly to the prediction of subsequent treatment.
However, a negative MRI result did not contribute significantly (OR 0.66, 95% CI
0.27-1.61).

Conclusion

A limited MRI examination in the initial evaluation of acute ankle injury in
addition to radiography has additional predictive value in identifying patients who
need treatment, but does not add significant information in identifying rthose who
can be discharged from further follow-up.
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Introduction

Traumatic injury of the ankle is a common reason for patients to visit an emergency
department. The evaluation of ankle injury generally consists of taking a history
and performing physical examination, frequently complemented with radiography.
In most cases this strategy is reliable in the detection of fractures, but it is
considerably less suitable to assess cartilage and ligamenrous lesions (1, 2). Lateral
stress radiography may give some information about lateral ankle ligamentous
injury but in the acute phase pain often prevents a proper examination and the
value of stress radiography is debated (3-5). A suitable imaging modality to
demonstrate soft tissue lesions is MRI (5-8), but the high costs and the limited
availability of most current (high field) MRI systems as well as the long duration of
the examination have been a major hindrance to a wide application of MRI for
acute ankle injury. This may, however, change with the advent of low field
dedicated extremity MRI systems (9-11). Low field dedicated extremity MRI systems
are considerably less expensive than high field systems and do not require costly
and space occupying infrastructural changes. In addition, by their dedicated nature,
they are only suitable for peripheral joint examinarion and thus not overbooked for
other indications.

The potential value of MRI in the acute phase after trauma is in identifying patients
who will not require any treatment and can thus be discharged without any further
follow-up. Furthermore, patients that do have significant soft tissue injury are likely
to be diagnosed at an earlier stage, avoiding delay in trearment, with potential cost
saving to society because of diminished productivity loss. To our knowledge MRI
has not been evaluated for this purpose before.

The purpose of this study was to assess the value of routine application of a short
MRI examination after acute ankle injury in addition to or instead of radiography,
in order to identify those patients who require treatment versus those that will not
need additional therapy and can be safely discharged from further follow-up.

Materials and Methods

Study design

The data for this study were obtained from prospective randomized controlled
clinical trial (RCT) analyzing the costs and effectiveness of a short MRI examination
in all patients with acute ankle trauma and used to create prediction models.
Although it is not necessary to perform an RCT to create prediction models, the
data can be used for this purpose. Where applicable we used reporting standards
for RCT's (12) and otherwise those for reporting diagnostic studies (13). Patients
referred by a traumatologist or orthopaedic surgeon to the radiology department of
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our university hospital for radiography of a recent ankle injury (within 7 days of
trauma) were asked ro participate in the study. Patients that did not undergo
radiography were nor included to ensure that patients with very mild trauma would
not be enrolled. All patients were informed about the study by leaflet and by oral
explanation. Informed consent was obtained from all participating patients. The
study was approved by the institutional review board.

The included subjects were randomized to either plain radiography only or
radiography combined with a short MRI examination. Randomization was carried
out by drawing from consecutively numbered sealed envelopes containing computer
generated random assignments. Patients were excluded if they had additional
substantial injury of head, back, thorax or abdomen, if they had a compound ankle
fracture, if they were in need of urgent treatment (e.g. in case of ankle luxartion), if
they had preexisting complaints of the same ankle or if they were intoxicated by
alcohol or drugs. Patients were included from 8.00 h ro 23.00 h, 7 days a week.
Inclusion was carried out by research staff and radiology technologists on service.
Although inclusion was intended to be consecutive, only about half of all eligible
patients was randomized.

TABLE 1. Parameters of the short MRI protocol

Slice Scan
TR TE thickness  time

Plane (ms) (ms) Matrix (mm) (min:s)
(Half Fourier) SE Tl Sagittal 420-630 18-24 256x136 5.0 0:55
TME PD-w and T2-w Axial 1980-2480  28-38/90  192x128 3.0 2:25
GE'* Coronal 400420 15 192x152 5.0 0:44
STIR ** Coronal 1060 24.28 192x128 5.0 0:97

SE = spin echo, TME = turbo multi echo, PD = proton densiry, GE = gradient echo,
STIR = short-tau inversion recovery, TR = repetition time, TE = echo time.

For all sequences: field of view=200x140 mm, number of excitations=1

* Flip angle : 75 degrees

Inversion time : 80-85 ms

Ak

Radiography was performed in anteroposterior and lateral direction. MRI was
performed immediately following radiography on a 0.2 Tesla dedicared extremity
MRI system (Artoscan M, Esaote , Genoa, Italy). A standard MRI examination of
the ankle takes 30 to 45 minutes. This would be both too time consuming and too
costly if all patients with acute ankle injury were to be examined.
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Therefore we used a shortened MRI scanning protocol (table 1). This protocol was
achieved by using only one excitation for each sequence, a rectangular field of view
and by limiting the phase encoding direction of the martrix. Shortening of the
duration of the examination comes at the cost of some loss in quality, but in a pilot
study we found that the image quality was acceptable (14). The total acquisition
time was on average 06:30 minutes with a total examination time, including
MRI-system start-up and patient positioning, of approximately 15 minutes. A dual
phased array ankle coil was used or, in case of a very large foot, a dual phased knee
coil.  An experienced musculoskeletal radiologist (A.Z.G) or a radiology resident
immediately assessed the MRI without knowledge of the radiography result. The
MRI result was communicated to the physician, so that the information was
available for the decision on treatment or follow-up of the patient. If the MRI was
assessed by the radiology resident (e.g. during weekends and in the evenings), the
MRI was reassessed by the musculoskeletal radiologist the next day, without
knowledge of the radiography result, and if the interpretation was different the
treating physician was informed. The radiographs were initially assessed by the
treating physician at the emergency ward, conform daily practice in our hospital.
The next day the radiographs were reassessed by the radiologist in a plenary session

with the trauma surgeon.

Outcome

As outcome measure we used additional treatment after initial presentation at our
hospital. Since our goal was to differentiate patients that could be sent home
without follow-up from patients in need of additional treatment, we did not
include simple treatment measures at the first visit in this outcome (for example a
pressure bandage). Additional treatment could consist of antipronation tape,

softcast, plaster cast, physical therapy or surgery.

Data collection

Data were collected on age, sex, side of trauma, trauma mechanism (direct, indirect
or unknown), radiography result, MRI result (trraumartic injury visible, nor visible or
uncertain), and therapeutic procedures. We evaluated the effect of trauma
mechanism on the outcome since indirect trauma is associated with rupture of
ligaments and osteochondral lesions, whereas this is seldom the case in direct
trauma. Trauma mechanism was scored as direct trauma if patients suffered a direct
hit on the joint and as indirect rrauma in case of a (combination of) inversion,
eversion, hypertlexion or hyperextension injury. Data were obtained by direct

assessment and by reviewing all information available from emergency department
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records, hospital records, outpatient clinic records and the electronic hospital
information system. Questionnaires were sent to all patients one week, six weeks,
twelve weeks and six months after the inirial visit to obtain information about
treatment received outside our hospital. In case questionnaires were not returned,
we interviewed the patient by telephone, provided they could be reached within
two attempts of calling them. The final diagnosis was obtained by reviewing all
information of diagnostic imaging, follow-up and questionnaires.

The follow-up period was 6 months. However, if the patient indicated on the
questionnaire that he/she did not have daily complaints anymore the follow up was
terminated, since no additional effects of the injury were to be expected.

Image Interpretation

The radiograph and the MRI were scored as 'positive' if signs of recent rraumatic
injury were visible. For the radiograph these signs were fracture, (sub)luxation,
epiphysiolysis, osteochondral lesion, loose body with signs of recent traumatic
origin (sharply edged), or widened distal tibio-fibular syndesmosis. The MRI was
scored as positive if one or more of the following lesions were present: fracture,
(sub)luxation, epiphysiolysis, osteochondral lesion, or ligamentous rupture. A
ligament was scored as ruptured if discontinuity of the ligament was observed and
the ligament was surrounded by edema or hematoma, distinguishing it from an old
rupture. A partial ligament rupture was scored if the ligament was swollen but with
intact continuity. If the result was uncertain this was scored as such. Since even
minor traumatic injuries of the joint often cause abnormalities visualized by MRI,
we excluded findings that generally do not need specific treatment. For this reason
joint fluid, soft tissue edema, bone marrow edema, and hematoma without other
lesions were not considered positive findings, although these findings may indicate

the presence of another lesion.

Data analysis

Using univariable logistic regression analysis we determined the odds ratio and the
95% confidence interval of each variable in predicting the outcome. For the
regression analysis we recoded the variable 'MRI result’ in three possible outcomes:
positive or uncertain, negative or no MRI performed. The MRI result was analyzed
with the outcome 'no MRI performed' as reference. In this way we could use the
whole study population in the analysis of the MRI result. When the number of
uncertain MRI or radiography results was large enough to be analyzed as a separate
dummy variable, this was done as such, otherwise the uncertain results were
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grouped together with the positive results, since we wanted to avoid sending
patients home without follow-up if the imaging result was uncertain.
Because the outcome of radiography and MRI result in the same patient is
correlated, we created an additional integrated 'imaging variable' containing both
radiography and MRI result.
This variable had five possible outcomes:

1) radiography negative and MRI not performed

2) radiography positive and MRI not performed

3) radiography and MRI both negative

4) radiography and MRI discrepant

5) radiography and MRI both positive.

With this combined 'imaging variable' we took into account the diagnostic
interaction between radiography and MRI. The outcome 'radiography negative and
MRI not performed' was considered the reference group for the combined 'imaging
variable' analysis.

A variable was included in the multivariable logistic regression analysis if the chi
square p-value was less than 0.1 in the univariable analysis. We combined the
variables using multivariable logistic regression analysis to create a prediction rule
for the identification of those patients that needed further treatment after the
initial visit versus those requiring no additional treatment. Several models were
evaluated to explore the predictive value of the imaging variables: in model 1 only
radiography was added; in model 2 radiography was omitred and MRI was used
instead, model 3 contained both radiography and MRI and in model 4 the
combined 'imaging variable' was used.

The likelihood ratio test was used to assess the significance of each variable in the
model in a stepwise backward approach. The calibration of the models was assessed
using Hosmer and Lemeshow's Goodness of Fit Test (15). Calibration evaluates the
degree of correspondence between the probabilities estimated by the model and the
actual treatment received by the patients. If the pvalue of the test statistic is large
the model is well calibrated and the estimates fit the data well. The area under the
ROC curve was used to evaluate the discriminative performance of the model and
to compare predictive performance across models (16). The difference between the
areas under the ROC curve of the different models was analyzed using the zstatistic
and corrected for the fact that they were derived from the same cases. The
correction factor was calculated using the Pearson product-moment correlation

method (17).
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Akaike's Information Criterion (AIC) was used to compare the predictive power of the
models (18). The AIC is derived from the chisquare statistic and takes both the
accuracy and the complexity of the model into account, by correcting for the number
of degrees of freedom. In this way direct comparison of models is possible. An AIC
equal to or smaller than 0 indicates no predictive value of the model. The significance
of a difference in AIC of nested models (e.g. the model with radiography vs the model
with radiography and MRI) was assessed using the likelihood ratio test. In case of
non-nested models a difference in AIC larger than 2 was considered significant. All
analyses were performed using SPSS for Windows (release 10.0.0; SPSS Inc., Chicago,
IL).

Sample size

In multivariable logistic regression analysis at least 10 parients with an event and at
least 10 patients withour an event are necessary per variable analyzed (19). Because the
data for this study were obtained from an RCT addressing the costs and effectiveness
of early MR scanning of ankle trauma, the number of variables analyzed in the
multivariable regression analysis was determined by the number of patients included in
the RCT. Since 109 of the included patients received additional therapy and 98
patients did not receive additional therapy, we could analyze a maximum of 10
variables in the multivariable regression analysis.

Results

From August 1999 to May 2001, 202 patients were included, 107 males, 95 females
with a mean age of 34.2 years, range 11.9-84.7 years. The number of patients
randomized to radiography was 103 and to radiography followed by MRI 99. A flow
diagram of subjects passing through the study is presented in figure 1.

One patient, randomized to MRI, did not undergo MRI examination because the MRI
system was unavailable. Five randomized patients were incorrectly included in the
study: three of them appeared to have preexisting ankle complaints and two had a
ruptured Achilles tendon; in fact, there was no indication for radiography in these last
two cases. These 5 patients were excluded from the analysis. Of the remaining 197
patients 109 received treatment during the follow-up period. The final diagnoses of all
patients are listed in table 2. Four patients with an ankle fracture were operated. Plaster
immobilization was used in 40 cases of which 27 cases with a fracture, including one
occult fracture of the medial malleolus, one occult fracture of the distal tibial plateau,
one case with epiphysiolysis of the distal fibula, one case with combined fracture of the
fibula and epiphysiolysis of the distal tibia, one case with an osteochondral lesion of
the lateral talar dome, and 10 cases with lateral ankle ligamentous injury.
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Eligible patients
n-400

Nol included
n=200
reason
= not meeting inclusion criteria
- refused to participate
Y - not asked to participate
o
randomized
n=202 .
Excluded Excluded
n=2 n=3
feason — feason
- incofrect inclusion - incorrect inclusion
- pre-existing complaints - pre-existing complaints (2)
- no ankle injury - no ankle injury
(achilles tendon rupture) (achilles tendon rupture)
¥ B Y
MRI No MR|
n=97 n=100
MRI not made
n=
reasan
- MRI system not available
h 4
MRI made
n=96
h 4 o L r
Additional treatment Additional treatment Additional treatment
recelved received recaived
n=0 n=57 n=52

Figure 1. Flow diagram of subjects passing through the study.

Five fractures were missed on MRI, one distal fibula avulsion, one talar avulsion,
one Weber B fracture and two metatarsal fractures that fell outside the field of
view. Softcast or tape was used in 49 cases with lateral ankle ligamentous injury. In
14 cases one of the aforementioned treatments was combined with physical
therapy, in 16 cases physical therapy was the only treatment, In 9 patients MRI
revealed a rupture of the anterior tibio-fibular ligament; no combined rupture of
the anterior and posterior tibio-fibular ligament was seen. Two patients in the
control group underwent MRI examination later during follow-up. In one patient
no abnormalities were found, in the other patient a talar dome fracture, already
diagnosed on the initial radiograph, was evaluated. No patient was operated
because of ankle instability during the follow-up period.

Regression analysis

In univariable analysis (see table 3) age, radiography result, and MRI result had a
pvalue smaller than 0.1 and were subsequently used in the multivariable logistic
regression analysis. Sex, side, and trauma mechanism did not fulfill this criterion

and were not used in the multivariable analysis.
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Table 2. Final diagnosis in the experimental and the control group

Experimental group Control group

Diagnosis (nr of lesions) (nr of lesions)
fracture 18 14

Weber A 1 3

Weber B 3 2

Weber C 1 0

medial malleolus 3 1

himalleolar 2 2

distal tibia | 0

distal tibia occulr | 0

navicular 1 1

talus 1 0

cuboid 0 2

cuboid + calcaneus 0 1

epiphysiolysis distal fibula 2 1

metatarsal 2 1
osteochondral lesion 3 1
haemarthrosis (haemophilia patient) 0 1
overstrained 0 1
ligament rupture*

LTiFA 1

LTiFP 0

LTFA 28

LTFA partial 6

LTFP 0

LTFA+LTIiFA 8

LTFA+LCF I

LTFA+LTiFA+LCF 2
distortion 32 78
contusion 3 4
unclear 0 I §

LTiFA: anterior tibiofibular ligament, LtiFP: posterior tibiofibular ligament,

LTFA: anterior walofibular ligament, LTFP: posterior talofibular ligament,

LCF: fibulocalcaneal ligament
In three cases the ligament injury was combined with a fracture and in two cases ir was
combined with an osteochondral lesion.

T A distortion was defined as an indirect ankle trauma, without signs of osseous injury
and without proven ligament ruprure.

§ One patient in the control group had persistent pain during the six months follow-up
period, but no cause could be found.
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Table 3. Univariable logistic regression analysis predicting the need for treatment
after acute ankle injury - Odds ratios of covariates and p-value of the chi square test

Variable (predictor)

Proportion

treated in group

with predictor

Proportion
treated in

reference group

Univariable
Qdds ratio
(959% CI)

pvalue

likelihood

ratio test

Sex (male versus female)
Age (continuous)
Side (right versus left)

Indirect trauma (vs unknown or

direct rraumamechanism)

X-ray (pos or uncertain vs neg
result)

MRI result (vs MRI nor made)
MRI positive or uncertain
MRI negative

Combined 'imaging variable' *

radiography and MRI
both negative

radiography positive,

MRI not made

radiography and MRI
discrepant &

radiography and MRI
both positive

56/105 (53%)

52/98 (53%)
98/175 (56%)

40/46 (87%)

47/66 (71%)
12/32 (38%)

12/30 (40 %)

18/20 (90%)

33/54 (61 %)

14/14 (100%)

53/92 (58%)

57/99 (58%
11/22 (50%)

69/151 (46%)

49/99 (499%)
49/99 (49%)

32/79 (419%)

32/79 (419%

32/79 (41%

32/79 (41%)

0.84 (0.48-1.87)
1.02 (1.00-1.04)
0.83 (0.48-1.46)
1.27 (0.52-3.09)

7.92(3.17-19.8)

2.42(1.254.70)

0.59 (0.26-1.33)

0.96 (0.41-2.26)

12.9 (2.80-59.7)

2.26(1.12-4.59)

8

0.55
0.08
0.52

0.60

<0.001

0.002

<0.001

Variables with a pvalue < 0.10 were included in the multivariable analysis.

*

% Discrepancy berween radiography and MRI resule: 3 times radiography positive and MRI

Versus radiography negative and MRI not made as reference group.

negative, 51 times MRI positive and radiography negarive.

hk

All individuals in this group received treatment, so the odds ratio is infinitely large.
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The results of the multivariable logistic regression analysis are listed in table 4. In
the multivariable analysis age was (borderline) significant. Both radiography and
MRI result were significant predictors of treatment in all models, bur for both
imaging modalities only a positive result could predict the need for treatment,
whereas a negative result could not predict the absence of this need (the confidence
interval of the odds ratio of a negative result included unity). The strongest single
predictor of treatment was a positive radiograph. The strongest category in the
combined 'imaging variable' was the combination positive radiography and positive
MRI result as all patients in this category received treatment. The combination
'negative radiography and negative MRI' could not predict that trearment was
unnecessary.

The Hosmer-Lemeshow Goodness of Fit Test showed a nonssignificant pvalue for
all the models, although for models 1 and 3 the pwvalue was borderline. This
indicates good calibration of models 2 and 4 and only moderate calibration of
models 1 and 3. Akaike's Information Criterion of the model with radiography
(model 1) was considerably larger than the AIC of the model with MRI (model 2),
indicating a better predictive power of radiography. The combination of these
variables in model 3 predicted the outcome significantly better than the model with
only radiography, indicated by an increase in AIC (likelihood-ratio-test pvalue
0.002). The difference in AIC between model 3 and model 4 was smaller than 2
and therefore considered as not significant. The correction for the interaction
between radiography and MRI apparently did not increase predictive power of the
model.

The area under the ROC curve was not significantly different between models 1, 3,
and 4. However, the two models with both radiography and MRI and the
combined 'imaging variable (models 3 and 4) showed a significantly larger area
under the ROC curve than the model with only MRI (pvalue 0.002 and 0.04
respectively), indicating better discriminatory power of the models with radiography
and MRI compared to the model with only MRL

Discussion

We performed a study to assess the value of a short dedicated extremity MRI
examination in addition to or instead of radiography in predicting the need for
treatment in patients presenting with acute ankle injury. Using logistic regression
analysis four prediction models were evaluated. In the multivariable logistic
regression analysis a positive MRI result in addition to radiography significantly
added to predicting the need for treatment, but a negative MRI resule had no
significant predictive value.
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Table 4. Multivariable prediction models predicting the need for treatment after
acute ankle injury - odds ratios of the covariates and model performance statistics

Model 1 Model 2 Model 3 Moaodel 4
Age and Age and MRI Age, radiography  Age and the
raciography (95 % CI and MRI Combined
(95 % CI) (95 % CI) 'imaging variable'
(95 % CI)
Age 1.02 (1.00-1.04) 1.02 (1.00-1.04) 1.02 (1.00-1.04)  1.02 (1.00-1.04)
Radiography (versus no
lesion)
uncertain 4.34 (0.87-21.8) 9.92 (3.33-29.6)
positive 4.23 (0.80-22.3) 9.71(3.20-29.4)
MRI result (versus no MRI
made)
negative 0.55 (0.24-1.26) 2.45(1.264.79)
positive or uncertain 0.66 (0.27-1.61) 2.61(1.28-5.30)
Combined ‘imaging variable™
radiography and MR 0.95(0.39-2.27)
both negative
radiography positive, 13.40(2.88-62.4)
MRI not made
radiography and MRI 2.24(1.104.58)
discrepant
radiography and MRI oo™

both posirive

Model performance statistics
Hosmer-Lemeshow statistic 1427 (p=0.08)  12.10 (p=0.15)  14.54 (p=0.07)  2.91 (p=0.94)
2

Akaike's Information 2481 9.96 31.58 32.14
Criterion

Area under ROC curve 0.70 (0.63-0.78) 0.64 (0.56-0.72) 0.74 (0.67-0.81) 0.72 (0.65-0.79)
(95% CI)

* Versus radiography negative and MRI not made as reference group.

. All individuals in this group received trearment, so no odds ratio can be caleulared.

Thus, although the MRI examination apparently demonstrates a number of
significant lesions not shown on radiography and can identify patients who need
additional treatment, it does not help in deciding which patient can be safely

discharged from further follow-up.
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In assessing the value of a short dedicated extremity MRI examination we did not
aim at demonstrating the accuracy of the short MRI examination for all possible
lesions. This would not be feasible because of the variety of possible lesions.
Moreover, for many lesions it would not be possible to verify the diagnosis, since
only surgery would be an acceprable reference standard. Only a minority of patients
was treated surgically, so for most patients a suitable reference standard was not
available. Instead, we chose to perform an outcome study approach and studied the
predictive value of MRI for additional treatment after the initial visit, compared to
the standard work-up.

Although MRI is very sensitive in the detection of occult fractures, its sensitivity in
the detection of avulsion fractures is low. The limited field of view also caused MRI
to miss two metatarsal fractures.

We were not absolutely sure if bone edema had to be regarded as 'no lesion
requiring treatment’ for the analysis. Bone edema as such does not need treatment,
bur it may add in predicting the need for treatment. Repeating the analysis with
bone edema defined as an abnormal MRI result showed only a marginal change of
the odds ratios in the models conraining MRI (data not shown). One may argue
thar physical therapy should not be included as an endpoint, since the indication
for physical therapy is often quite arbitrary. Repeating the analysis withour physical
therapy as an endpoint showed that age was nor significant in the univariable
analysis anymore, but the odds ratios of the other variables and the model
performance statistics only changed marginally (data not shown).

Limitations of this study include the fact that, although inclusion was intended to
be consecutive, only about half of all eligible patients was randomized. This was
caused by patients not wanting to participate in the study, but also by eligible
patients being missed. The main reason for missing patients was that inclusion took
place from 8.00 - 23.00 hour, seven days a week and thus many different radiology
technologists on service were supposed to recruit parients. Asking patients to
participate in the study was forgotten regularly.

Another limitation was that we assumed that the decision to treat a patient was
always correct. It is, however, possible that in some cases trearment was
unnecessary, or that trearment was incorrectly withheld, although in the latter
instance it is likely that most patients would return within six months because of
persistent complaints and would have been treated at that time.

The follow-up period in our study was six months. Although it is likely that
treatment will take place within 6 months after the injury, it is possible that some
patients were operated after the follow-up period, for example for ankle instability.
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However, most of these patients would have received physical therapy for
proprioceptive training and improvement of muscle strength in the period
preceding the operation and would have been coded as treated anyway.

The radiography result as a single predictor of therapy appeared to be of higher
predictive value than the MRI result. This can be explained by the fact that the
majority of ankle traumas are inversion injuries. In our hospital initial treatment of
these injuries consists of bandage, followed by tape or softcast, depending on the
amount of swelling and pain and does not depend on demonstration of ligament
rupture. Ruptured ligaments are sometimes surgically repaired, but only in case of
chronic ankle instability. Thus, in our hospital even if an MRI examination reveals
one or more ruptured ligaments, the treatment is the same as for an ankle
distortion without a ruptured ligament and the MRI will have limited additional
value in predicting treatment. This is one of the reasons why we did not find a
significant predictive value for negative imaging results. Another reason is that
many patients will have physical therapy if pain persists irrespective of
demonstrated lesions.

The short MRI protocol used in this study is associated with some loss of image
quality, but in our view the subjective quality of the images we obrained was
acceptable (Figure 2).

Figure 2a/b. a) Rupture of the anterior talo-fibular ligament with extensive
haematoma in the overlying soft tissue. b) Extensive swelling of the anterior
talo-fibular licament indicating rupture of the ligament. Both images T2-weighted
Turbo Multi Echo, FOV 200%140, matrix 256" 128.
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Compared to a state of the art protocol, however, it is possible that our accuracy
was less, which may in part be responsible for the lack of discriminatory power that
we found. The main reason, however, of lack of discriminatory power is the fact
that besides ligamentous rupture very few other MR specific lesions were found in
our patient group: we found no (osteo)chondral lesions, no osteochondrosis
dissecans, only one occult fracture of the medial malleolus, and one epiphysiolysis
of the distal fibula that was not recognized on the radiograph. By far the majority of
traumatic ankle injuries consisted of fractures and ankle distortions, with or
without ligament rupture.

If the treatment policy of an ankle distortion, with or without ligamentous rupture,
consists of a pressure bandage followed by tape or softcast, the consequence of a
false positive trearment is limited. This would be different if ruptured ankle
ligaments are operated initially, in which case early information about the loss of
integrity of the lateral ankle ligament is essential. Whether lateral ankle ligament
ruptures should initially be treated conservatively or operatively is a matter of
debate (20-23). A recent meta-analysis concludes that operative treatment leads to a
better result than functional treatment (24). If the treatment policy of ruptured
ankle ligaments were to shift in the direction of initial operation, there would be a
role for an initial MRI examination in the acute ankle injury. Since this is not the
case in our hospital, we were not able to evaluate the added value of early MR
imaging in this respect.

Whether a short MRI examination should be routinely used in the evaluation of
patients with acute ankle injury will mainly depend on the cost-effectiveness of this
strategy, which we intend to evaluate in future work.

Conclusion

A limited MRI examination in the initial evaluation of acute ankle injury has
additional predictive value over and above radiography in identifying patients who
need treatment but cannot identify those who can be discharged from further
follow-up. A limited MRI examination can not replace radiography to predict the
need for additional treatment. MRI in the initial evaluation may, however, be
valuable in a setting where ruptured ankle ligaments are immediately operated
upon.
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Abstract

Purpose:

To assess the costs and effectiveness of a short dedicated extremity MRI
examination in acute wrist, knee, and ankle injury.

Methods and materials

Patients with recent trauma of wrist, knee, or ankle were randomized between
radiography (reference group) and radiography followed by a short MRI
examination (intervention group). Measures of effectiveness were quality of life,
number of diagnostic procedures, time to last diagnostic procedure, number of days
absent from work, and time to convalescence. A cost analysis was performed from

the societal perspective.

Results

500 patients presenting with acute trauma of wrist, knee, or ankle were
randomized. In the intervention group of knee-injured patients quality of life was
significantly higher during the first six weeks (at one week p=0.003, at 6 weeks
p=0.01), time to completion of the diagnostic workup was significantly shorter
(mean 3.5 vs 17.3 days, p=0.003) and the number of diagnostic procedures was
significantly lower (9 vs 35, p<0.001) compared to the intervention group. In
patients with wrist or ankle injury the measures of effectiveness did not differ
significantly between the intervention and the reference group. Knee-injured
patients showed the largest difference in costs (intervention: 1820 Euro, reference:
2231 Euro), caused by a reduction in productivity loss. Costs were higher in the
intervention group of wristinjured patients and almost equal in ankle-injured
patients. However, all cost differences were not significant.

Conclusion

A short MRI examination in acute wrist or ankle injury is neither cost saving nor
effective. In knee-injured patients a short MRI examination shortens the time to
completion of the diagnostic workup, reduces the number of diagnostic procedures,
improves quality of life in the first 6 weeks, and may reduce costs associated with
lost productivity.
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Introduction

[t is common practice to perform radiodiagnostic imaging of acute wrist, knee, or
ankle injury in the initial stage. Most fractures can be detected fairly accurately
using plain radiography. Plain radiography, however, provides limited information
concerning soft tissue injury, such as a tendon or ligament rupture, a meniscus tear
or a triangular fibrocartilage complex (TFCC) rear. Moreover, some fractures may
be occult to plain radiography, a well-known example being the scaphoid fracture
(1-3). Also, osteochondral lesions are sometimes not well visualized on plain
radiography. To detect these lesions MRI would be the most suitable tool. MRI
systems are, however, often not readily available, because they are in heavy demand
by various medical disciplines. Furthermore, the high costs, the relatively long
duration of the examination and the fact that about 5% of patients examined in
whole body MRI  systems cannot complete the examination because of
claustrophobia (4) limit the use of MRI in the initial evaluation of acute joint
injuries. Many of these constraints, however, may be overcome by the application of
relatively inexpensive low field dedicated extremity MRI systems. Both purchase
costs and maintenance costs are considerably lower compared to whole body
systems and since only peripheral joints can be imaged, availability is less of a
problem. Moreover, claustrophobia is almost ruled out, since only the arm or leg of
interest is placed within the magnet bore, while the patient is lying on a chair next
to the MRI system.

The aim of this study was to assess it the implementation of a short MRI
examination performed on a low field dedicated extremity MRI system in addition
to plain Xeray imaging is effecrive and cost saving compared to the current
diagnostic imaging strategy (plain radiography only) in patients presenting with
acute traumatic injury of wrist, knee, or ankle. Although the addition of an MRI
examination to the initial diagnostic workup will obviously generate extra costs, the
advantage of this extra examination may be expected in a shortening of the time to
diagnosis. MRI examination at first presentation of the patient may save costs if it
obviates the need of further follow-up, additional diagnostic procedures and
temporary treatment measures, such as a plaster cast in case of a suspected scaphoid
fracture. It may also save costs to society if the early diagnosis leads to an earlier
treatment and hence to an earlier recovery, limiting loss of productivity. Since the
costs of lost productivity can be considerable, limiting the number of days off work

in a minority of patients may pay for the short MRI examination in all parients.
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Methods

Study design

We conducted a prospective randomized controlled trial (RCT) at a university
hospital. The study was approved by our institutional review board and was
performed in accordance with the Helsinki Declaration of 1964, amended in 1989.
We used the CONSORT statement to report the study results (5). Three parallel
studies were conducted concerning the wrist, the knee, and the ankle. Patients were
eligible if they presented with a recent injury of wrist, knee, or ankle (within 7 days
of trauma) and were referred to the radiology department by a traumartologist or
orthopaedic surgeon for radiography of the affected joint. After receiving written
and oral information about the goal of the study, all participating patients gave
informed consent. The subjects were randomized across two diagnostic strategies
consisting of plain radiography alone (the reference group) and radiography
followed by a short MRI examination (the intervention group). Randomization was
achieved by drawing from consecutively numbered sealed envelopes containing
computer generated random assignments. The randomization was stratified for
joint and the envelopes were labeled accordingly. Patients were excluded if they had
substantial injury of head, back, thorax, or abdomen, if they had a compound
fracture, if they were in need of urgent treatment (e.g. in case of ankle luxation or
open fracture), if they had pre-existing complaints of the same joint, or if they were
intoxicated. Patients were included from 8.00 h to 23.00 h, 7 days a week, from
August 1999 to May 2001. Inclusion was carried out by research staff and radiology
technologists on service.

Sample size calculation

To demonstrate a mean difference in costs for each joint of Euro 500, with a
standard deviation of the mean difference equal to 800, would require a sample size
of 80 patients (power of 0.8, alpha of 0.05, twosided test) per joint evaluated.
Patients were enrolled until at least 80 subjects per joint were included .

MRI technique

Standard radiography was performed, if necessary supplemented by additional
images. MRl was performed on a 0.2 Tesla dedicated extremity MRI system
(Artoscan M, Esaote Biomedica, Genoa, ltaly) immediately after radiography. We
used a short MRI scanning protocol (Table 1) with one excitation for each
sequence, using a rectangular field of view and a limited number of phase encoding
steps.

110



Chapter 7

Table 1. Parameters of the short MRI protocol

TR TE Matrix Slice Acquisition
(ms) (ms) thickness time
(mm) (min:s)

(Half Fourier) SE Tlw  420-630 18-24  192-256x136 3.0-5.0 0:43-1.08

TME PD-w and T2-w 1980-2480 28-38/90 192-246x128 3.0 2:23-2:41
GE* 360420 15 192x152 3.0-5.0 0:44-0:53
STIR % 830-1060 24-28 192x128 4.0-5.0 0:97-1:46

SE = spin echo, TME = turbo multi echo, PD = proton density, GE = gradient echo,
STIR = shorttau inversion recovery, TR = repetition time, TE = echo time.

For all sequences: field of view=200x140 mm, number of excitations=1

*

Flip angle = 75 degrees

f Inversion time = 80-85 ms

After a software upgrade in February 2000 the Tlaw SE-half Fourier sequence was
replaced by a Tl-weighted Spin Echo sequence and for the TME sequence the first
TE was shortened from 38 to 28 seconds (on the used MRI system the echo time is
fixed and can not be changed by the user). The software upgrade included
improved filtering and frequency sampling. The toral acquisition time was 5-6
minutes for all joints, with a total examination time, including MRI system starc-up
and patient positioning, of approximately 15 minutes. An experienced
musculoskeletal radiologist (A.Z.G.) or a radiology resident immediately assessed
the MRI and reported the findings to the treating physician. If the MRI was
assessed by the radiology resident (e.g. during weekends and in the evenings), the
MRI was reassessed the next day by the musculoskeletal radiologist and if the
interpretation was different the treating physician was informed. The radiographs
were initially assessed by the treating physician ar the emergency ward, conform
daily practice in our hospital. The next day the radiographs were reassessed by the
radiologist in a plenary session with the traumatologist.

Follow-up.

Clinical data were collected from patient hospital records and from the
computerized hospital information system. The follow-up period was as long as the
patient had daily complaints, as recorded on questionnaires, with a maximum of 6

months.
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We expected this follow-up period of 6 months to be long enough to caprure all
relevant differences in the outcomes between the two strategies. Questionnaires
were sent to the patients 1 week, 6 weeks, 3 months, and 6 months after inclusion.
These questionnaires included quality of life instruments and questions about the
number of days absent from work, number of days until the patient no longer had
daily complaints, medical treatment in other institutions, treatment by the general
practitioner, treatment by alternative medicine practitioners, and outofpocket
expenses. If questionnaires were not returned, we interviewed the subjects by
telephone and urged them to return the questionnaire, provided they could be
reached within two attempts of calling them.

Measures of effectiveness

Measures of effectiveness were quality of life, time to completion of the diagnostic
workup, number of additional diagnostic procedures, number of days absent from
work and number of days to convalescence. Quality of life was measured with a
descriptive instrument, the Short Form 36 Health Survey (SF-36) (6), and a
valuative instrument providing general population values, the EuroQol (7, 8). The
time to completion of the diagnostic workup was defined as the time from initial
presentation to the date of last diagnostic imaging examination or diagnostic
arthroscopy. The number of diagnostic procedures was assessed by reviewing the
computerized hospital information system and by asking the subjects if any
diagnostic procedure had been performed in another institution, using the
questionnaires or by telephone inquiry. Likewise, the number of days absent from
work and the number of days to convalescence (defined as the moment that the
patient no longer had daily complaints) was asked in the questionnaires or, in case

the questionnaire was not returned, by telephone inquiry.

Analysis of response

To check for response bias the baseline characteristics sex, age, and randomization
result (MRI vs no MRI) of the subjects that returned questionnaires were compared
with the baseline characteristics of the subjects that did not return any
questionnaire. The same was done for the variables 'treatment’ and 'number of days
absent from work' as proxy measures of severity of disease, to assess if the response
rate depended on severity of disease.

Analysis of effectiveness

The data were analyzed on an intention-to-diagnose-and-treat basis. The number of

days to convalescence for both strategies was compared with a ttest.
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The number of days to completion of the diagnostic workup, the number of
diagnostic procedures, the number of days absent from work, and the evaluation of
response bias were analyzed using an exact Wilcoxon-Mann-Whitney test and a
chisquare test. Because of multiple testing we adjusted the p-value significance
threshold of the tests from 0.05 to 0.01.

If a subject indicated on one of the four questionnaires that he or she was free of
complaints, we expected no further change in quality of life caused by the initial
trauma and EuroQol and SF-36 health survey data measured at that point in time
were extrapolated to the remaining questionnaires. If at this stage less than 20
responses were available in the intervention group or in the reference group,
stratified for joint, this was regarded as too few for meaningful analysis. If the
EuroQol and SF-36 health survey data of a subject without complaints were not
available for extrapolation (e.g. the patient told us by phone that he/she had no
complaints anymore, but did not return the EuroQol and SF-36 questionnaires),
mean values for the EuroQol and for the eight SF-36 domains were used to impute
the censored health surveys. These mean values were derived from questionnaires
of all complaint-free subjects that filled in the health survey questionnaires. Linear
regression analysis was used to check if these mean values had to be adjusted for age
and sex. Imputed values were only used in the analysis if they constituted less than
20% of the data. The preference based EuroQol tariff was calculated using the
regression equation published by Dolan (9). Differences between the randomized
groups in EuroQol and SF-36 domain scores were analyzed using a t-test.

Cost analysis

The cost analysis included all medical and non-medical costs relevant from the
societal perspective associated with the initial injury during a follow-up period of 6
months. Direct medical costs included costs of hospital visits, diagnostic and
therapeutic procedures, physical therapy inside or outside the hospital, visits to
general practitioners, visits to alternative medical practitioners, and travelling costs
for each visit. Costs of all diagnostic procedures were calculated using a bottom-up
approach (10), taking into account the initial investment of equipment, additional
costs during use, maintenance, years of use, discounting and annuitization (11),
number of procedures per year, personnel costs, materials used, room rent,
housekeeping, administration, and overhead costs. Costs were discounted at a rate
of 3% per annum (12). Costs of initial treatment (e.g. bandage, plaster cast) were
calculated likewise. Estimated actual costs of hospital visits and hospital admissions

were obtained from the Dutch Council for Care Insurances (10).
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For costs of operations reimbursement tariffs as established by the Dutch Central
Organ for Tariffs in Healthcare were used. Indirect medical costs (medical costs in
gained life years) were not considered, since we did not expect a difference in life
years.

For the measurement of direct non-medical costs we took into account
out-of-pocket expenses and patient time costs. Information on out-of-pocket
expenses were derived from the questionnaires or from telephone inquiry. Patient
time costs were determined by multiplying the time spent on medical procedures
(such as hospital admissions, outpatient hospital visits, visits to the general
practitioner, travel time, and waiting time) by the average net income of subjects
(both working and not working) comparable in age for the year 2000 (source:
Dutch Central Bureau for Sratistics) (12) .

For indirect non-medical costs we assessed costs associated with production losses.
Production losses were estimated using the 'friction cost method' as described by
Koopmanschap et al and recommended in guidelines for cost-effectiveness analysis
(12, 13). This method assumes that production losses are only generated during the
time it takes to replace a sick employee - the friction period. Short term absence
from work may cause limited loss of production, because work may be postponed
and performed on return, or work may be taken over by colleagues. Long term
absence from work generates costs by actual production losses, extra costs to
maintain production, and costs of filling a vacancy and training a new worker in
case of permanent replacement of a worker. Friction costs were calculated using
friction cost dara estimated for working people in the Netherlands in 1998, based
on age and sex by Qostenbrink et al (10). These data were adjusted for general
increase in income in 2000 compared to 1998. The friction period for the year
1998 was estimated at 4 months (10), but because of increased shortage on the
labor market in 2000 we estimated the friction period to be 6 months (personal
communication Koopmanschap). Costs were analyzed on an
intention-to-diagnose-and-treat basis and compared with a ttest. We performed the
cost analysis for the three joints separately.

Sensitivity analysis was used to study the robustness and generalizability of the
study results. One-way sensitivity analysis was conducted by exploring a range from
50% to 200% of the baseline value for each single cost price, the time assigned to
each medical procedure as well as travel time, friction costs, and friction period.
Three-way sensitivity analysis was conducted on the parameters that were most
sensitive in the oneaway analysis.
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All analyses were performed using Microsoft Excel 97 SR-2 (Microsoft Corp,
Redmond, WA), SPSS for Windows (release 10.0.0; SPSS Inc., Chicago, 1L, USA)
and StatXact-4 for Windows (Cyrel Software Cooperation, Cambridge, MA, USA)
software packages.

Results

From August 1999 to May 2001 a total of 500 patients was included, 207 female
and 293 male, mean age 34.8 years, range 12.0-85.0 years, standard deviation 15.1.
A flow diagram of patients passing through the study is presented in figure 1.
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Figure 1. Flow diagram of subjects passing through the srudy.

Although inclusion was intended to be consecutive, only about half of all eligible
patients was randomized. This could be attributed partly to patients refusing to
participate in the study, but also to eligible patients not being asked to participate.
This was caused by the fact that patients were included seven days a week, from
8.00 - 23.00 hour and thus many different radiology technologists on service were
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supposed to ask patients to participate. Asking patients to participate in the study
was forgotten regularly.

Twenty-cight randomized patients were excluded at some point in time after
inclusion: on review 26 patients did not fulfill the inclusion criteria, one patient
was excluded because there was strong suspicion of psychopathology with
automutilation and one excluded patient was an outlier in several respects. This last
subject was a 79 year old lady with a severe luxation fracture of the ankle who came
to the hospital only 6 days after the injury. For logistic reasons she was transported
to another hospital, where she was operated and hospitalized for more than 6
months, because she had many complications. Her medical costs were almost twice
the total medical costs of all other parients with ankle injury together, and her time
costs were almost 3 times the toral time costs for all patients with ankle injury
together.

Of the remaining 472 patients, 237 partients were allocated to the MRI strategy and
235 patients to the reference strategy. In 8 patients, allocated to the MRI strategy,
the MRI was not made or not interpretable. In one case there was a technical
failure, in one case the examination was interrupted because of pain, in one very
obese patient the image quality was too poor for interpretation and in two cases the
MRI system was not available. In three cases the joint of interest could not be
positioned in the center of the magner bore: one patient was not able to extend the
elbow, one patient had a locked knee, and in one case the knee was too big to fit
into the magnet. In the analysis these eight subjects stayed in the strategy as
originally assigned.

Response characteristics

We found no significant difference in sex, age or number of days to resumption of
work between patients that returned questionnaires and patients that did not
return questionnaires. However, in ankle-injured patients the number of subjects
that returned one or more questionnaires was slightly higher in patients who
underwent MRI examination (84% vs 72%; p=0.05). Furthermore, in patients with
knee and ankle injury this response rate differed significantly between patients who
had undergone additional treatment vs those who did not return for additional

treatment (knee: 93% vs 61%; p<0.01, ankle: 85% vs 68%; p=0.01).

Effectiveness

After extrapolation of EuroQol and SF-36 data in censored patients, data were only
used for analysis if the number of complete questionnaires exceeded 20 in both the
intervention group and the reference group stratified by joint. This was the case in
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all groups except for the third and fourth questionnaire in patients with wrist
injury. Linear regression analysis showed that mean EuroQol and SF-36-domain
scores of patients without complaints were nor significantly influenced by age or
sex, and therefore total mean values of EuroQol and SF-36-domain values were
used for impurtation. In all four questionnaires, stratified for joint and
randomization result, less than 20% of the questionnaires was imputed.

In patients with wrist and ankle injury the EuroQol rariff measured at one week, 6
weeks, 3 months, and 6 months after the injury was at no point in time
significantly different between the intervention group and the reference group

(Figure 2).
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In knee-injured patients the EuroQol tariff at one week and six weeks was significantly
higher in the intervention group (etest pvalue 0.003 resp 0.01). Three months after the
injury this difference was not significant anymore.

All the SF-36 domains (except general health) demonstrated improvement in quality of
life over time (Figure 3).
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Figure 3. Mean SF-36 domain scores for wrist, knee, and ankle-injured patients at
lweek, 6 weeks, 3 months and 6 months. For the wrist 3 months and 6 months
scores were omitted because the paucity of data precluded meaningful analysis.

PF= physical functioning, RP=role-physical, BP=bodily pain, GH=general health,
VT=vitality, SF=social functioning, RE=role-emotional, MH=mental health. All
domains (except general health) improved over time. The lines between the points are
only to improve visual comparability and do not have inrrinsic meaning.
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There were, however, only a few significant differences between the intervention group
and the reference group. For the wrist the vitality and role-emotional domains scored
higher in the intervention group at 6 weeks. For the knee the physical functioning
score was higher in the intervention group at one week. For the ankle the mental
health score was lower in the intervention group at 6 weeks and at 6 months.

Only in the intervention group of knee-injured patients the number of diagnostic
procedures performed during follow-up and the time to completion of the
diagnostic workup were significantly lower in the intervention group of patients
with knee injury (p-value 0.01) (Table 2).

The duration of absence from work did not differ significantly between any of the
intervention and reference groups. Although for all joints, time to convalescence
was lower in the intervention group, the difference compared to the reference
group was not significant.

Table 2. Comparison of measures of effectiveness across strategies

Wrist Knee Ankle
Ret. Int. p-value Ret. Int. pvalue Ref. Int. pvalue
(n=43) (n=44) (n=93)  (n=96) (n=99)  (n=97)

Number of
additional diagnostic 6 3 0.41 35 9 <0.001 10 | 0.04

procedures”

Mean time to last
diagnostic procedure 0.98 4.3 0.43 17.3 3.5 0.003 3.4 0.07 0.10
(days)*

Mean duration of
absence from work 5.0 8.6 0.31 12.4 9.6 0.36 12.6 112 0.70
(days)*

Mean time to
convalescence (days) 54.3 49.6 0.71 76.6 66.2 0.45 55.9 54.0 0.84
%

Ref.: only radiography, the reference group
Int.: radiography + MRI, the intervention group
.

difference rested with Wilcoxon-Mann-Whitney exact test
¥ difference rested with trest
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Costs
The mean total medical and non-medical costs associated with the joint injury are
listed in table 3, and graphically displayed in figure 4.

Table 3. Mean costs associated with the initial injury from the societal perspective
(costs in Euro)

Wrist Knee Ankle
Ref.  Int. Diff. Taest  Ref.  Int. Diff. Teest  Ref. Int. Diff. Tetest

pvalue pvalue pvalue

Medical costs 344 306 -38 059 0606 691 85 051 328 368 40 048
Travel costs 12 10 2 032 16 17 1 0.52 12 1 -1 029
Friction costs 519 766 247 042 1510 993 -517 0.18 1285 1265 -20 0.96
Time costs 31 24 -7 0.53 99 118 19 0.70 35 30 5 073
Total costs 905 1106 201 0.53 2231 1820 411 035 1660 1675 -15 0.98

Ref.: only radiography, the reference group

Int.: radiography + MRI, the intervention group

Diff.: difference in costs berween the intervention and the reference groups; a negative sign indicares
a reduction of costs with the use of MRIL.

2500
2000
1500 ‘time cosls
i friction costs
1000 O medical costs
500
0 | L
refl interv ref inlerv ref interv
Wrist Knee Ankle

Figure 4. Visual representation of the costs described in
table 3.

Travel costs were omitted in the figure since these costs
were too low to depict.

ref = only radiography, the reference group

interv = radiography + MRI, the intervention group.
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The largest difference in total costs was found in the patients with knee trauma.
This difference was attributable to a reduction in the friction costs with the use of
MRI. In patients with wrist injury the friction costs increased slightly with the use
of MRI. In ankle-injured patients all costs were quite similar in the intervention
and the reference group. For all three joints the differences in costs were not

significant.

Sensitivity analysis

One-way sensitivity analysis in wrist and knee-injured patients showed that the
friction costs was by far the most sensitive single variable on total cost difference
between the intervention and reference group (Table 4).

Table 4. One-way sensitivity analysis of the mean total cost difference between the
intervention and the reference strategy.

The costs difference between the two strategies was recalculated for each single variable at 50% and
200% of the original value of that variable to assess the influence of variation of thar variable on the
total cost difference. A negative cost difference indicates a reduction in costs with the use of MRIL The
baseline cost difference is the cost difference berween the straregies with all variables fixed at 100%.
The range is a measure of sensitivity of the cost difference to that variable. Only the 11 most sensitive
variables are presented. Costs are in Euro.

Wrist Knee Ankle

50% 200% range 50% 2009% range 509% 200% range

Baseline cost difference 201 412 14
berween the two strategies

Friction costs 77 448 371 -153 929 776 24 -5 29
Friction period 165 201 36 2264 412 148 133 14 119
Short MRI examination 172 257 85 440 -355 85 -14 71 85
Qurtpatient visit 222 159 63 425 385 40 21 2 19
Time costs 204 194 10 421 392 29 17 10 7
Hospital day 208 185 23 418 -398 20 14 15 1
Physiotherapy 200 201 | 416 402 14 22 -1 23
Standard MRI examination 201 201 0 408 418 10 16 14 2
Radiograph 214 173 41 413 408 5 11 22 11
Operative therapy 208 185 23 410 415 5 9 25 16
General practitioner visit 195 211 16 411 412 | 12 19 7
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In ankle-injured patients friction costs were very similar in the intervention group
and the reference group, so variation did not influence the difference between the
groups as much as in the other two joints. In knee and ankle injury the duration of
the friction period was also influential. Costs of the short MRI examination was the
third most sensitive variable in all groups. Three-way sensitivity analysis of friction
costs, friction period, and short MRI examination costs (not shown) demonstrated
that within plausible ranges of the values for the analyzed variables, the conclusions
for the wrist and the knee did not change. For ankle-injured patients the results
were sensitive to the friction period.

Discussion

Only few cost analysis studies have been published on the application of MRI in
joint trauma. Most of these studies were performed in the UK and consider the
National Health Service perspective (14-16). To our knowledge no studies have
been published assessing the cost-effectiveness of MRI in acute joint trauma from
the societal perspective.

We expected the main benefit of early diagnosis in acute trauma of wrist, knee, or
ankle using a dedicated-extremity-MRI system to be twofold: a decreased need for
follow-up and a reduction in time to convalescence. The decreased need for
follow-up could lead to potential costsavings by a reduction in follow-up visits,
additional imaging studies, diagnostic arthroscopy, and temporary treatment
measures. This would also reduce patient time costs, travel costs, and friction costs.
A reduction in the time to convalescence would result from a reduction in the time
to diagnosis, with the associated earlier treatment. This could lead to costsavings to
society due to an earlier resumption of work (i.e. a reduction in friction costs). The
aforementioned effects could lead to a total cost reduction, provided that the
cost-savings outweigh the additional costs of performing a short
dedicated-extremity-MRI examination in every patient.

In our patient population we could not demonstrate that a short MRI examination
in addition to radiography was cost saving from the societal perspective. In
knee-injured patients mean total costs were, however, substantially lower in the
intervention group due to reduced costs of lost productivity, but the difference was
not significant. The influence of a short MRI examination on other outcomes was
demonstrated only in knee-injured patients: quality of life was improved, the
number of additional examinations was lower in the intervention group, and the

time to diagnosis was reduced by 12 days. Both duration of absence from work as
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well as time to convalescence did not differ significantly between the intervention
group and the reference group for all three joints.

A limitation of this study is the setting in which it was performed. The Dutch
health care system is facing long and variable waiting lists. The variation in waiting
lists for outpatient visits and surgical procedures may have influenced the time to
convalescence as outcome measure. In our hospital the waiting list for arthroscopy
at the time of the trial was 5 months. We therefore used the time to the last
diagnostic procedure as a more representative measure. Likewise it is plausible that
the friction costs were also influenced by the waiting lists. Although the extra
friction costs caused by waiting lists are incurred in both the intervention group
and the reference group, the increase of these costs combined with variation could
have masked a difference between the groups.

We recognize that early detection and (surgical) treatment of a condition is not
always necessary for recovery. Some meniscal tears, TFCC lesions or ligament
injuries may heal withour specific treatment (17). In this perspective the presence of
waiting lists is not solely unfavorable for the patient, bur may also allow time for

the natural recovery of a condition.

The response rate on the questionnaires was low for all groups. At the moment of
inclusion the importance of filling in the questionnaires was stressed to the patients
and they were urged ro rerurn them. If the questionnaires were not returned in
time the patients were called by phone to remind them. In spite of our efforts, the
response rate was less than optimal. Typical response rates for postal questionnaires
are about 60-65% (18-27). A reason for the lower response rates in our study may
be that patients are less willing to take the effort to respond if the disease does not
have a major effect on their health and the discase is not likely to last long.
Furthermore, about 20% of our patients were non-natives, with a varying ability ro
speak the national language. We did not record how well a subject was able to
speak the national language, but subjects with a non-native name showed a
significantly lower response rate than subjects with a native name (chi square
p-value 0.001), which may be attributable to their knowledee of the language, or
possibly by cultural differences. The subjects with non-native names were evenly
distributed among the two randomized groups (chi square p-value 0.23), so their
relatively large contribution to the high non-response rate is not likely to have
caused response bias in the difference between the groups. For the analysis of costs
we were much less dependent on the low response rate, since we could retrieve
most data from the hospital computer system and patient records, complemented

by telephone inquiry.
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The addition of MRI to the initial diagnostic evaluation had no influence on the
quality of life from three to six months after the injury as measured with the
EuroQol and SF-36 instruments. The short term (1-6 weeks) EuroQol outcome in
knee-injured patients was, however, significantly higher in the intervention group
compared to the reference group. This may reflect a more adequate initial
treatment in the intervention group. Another possible explanation would be that
despite randomization the intervention group had less severe injury than the
reference group. There were, however, no indications of a difference in severity of
injury between the two groups: there was no significant difference in number of
patients receiving treatment, number of hospital admissions or number of hospital
days between the two groups.

In this pragmatic RCT no blinding was used. Patients knew whether an MRI
examination was carried out or not. This influenced the response rate of patients
with ankle injury: patients who had undergone MRI were more likely to return
their questionnaires. It potentially also influenced the time to convalescence, since
patients may have been reassured by a negative MRI result. Reassurance is, however,
part and parcel of performing the MRI and should not be regarded as a bias in this
context. Blinding could have been achieved by performing a placebo-MRI, or by not
giving the information of the MRI (28). Because of the expected confusion and
opposition of patients with an acute joint injury to such a study design, as well as
ethical considerations of not giving the information, we chose a non-blinded
pragmatic study design.

Part of the pragmatic design of the study was the MRI system software upgrade
during the study, which may have improved the quality of the images in the latter
part of the study. Since MRI software upgrades can be expected in daily practice we
considered the upgrade acceptable in this pragmatic study. The extent of acceptance
of the short MRI examination by clinicians may also have introduced a bias. We
noticed that clinicians were sometimes hesitant to use the results of the short MRI
examination in their decisions. This 'acceptance curve' of the new technology may
have biased the outcome of the study in favor of the reference strategy.
Nevertheless, we did find that if a short MRI examination had been performed in
the acute setting, patients were less likely to undergo further examinations during
follow-up.

In this study a short MRI scanning protocol was used to make the examination
time acceptable for routine use at the emergency department as well as to reduce
costs. Shortening of the duration of the MRI examination comes at the cost of

some loss in quality, but in a pilot study we found that the image quality was
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acceptable to detect most significant lesions. It is likely that using this short MRI
protocol some diagnoses will be missed, that would have been detected if a
standard scanning protocol would have been used. It is therefore important to
realize that the goal of the studied short MRI examination was not to replace
standard MRI examination, but to diminish diagnostic uncertainty at the initial
presentation of the patient, resulting in a decrease in total costs with a potential
gain in effectiveness. In case the lower quality of the short protocol images would
result in a wrong diagnosis, this would likely lead to an increase in costs and a
decrease in effects, including a decrease in quality of life. However, if the overall
effect of an initial diagnostic strategy including routine short MRI examination
results in an overall decrease in costs, without loss of effectiveness, or even an
increase in effectiveness, the new strategy is worthwhile considering.

Although we could not demonstrate with statistical significance that the application
of a short MRI in all patients with knee injury is costsaving from the societal
perspective, our results suggest that this might well be the case. For the wrist the
strategy including the short MRI examination increased the toral costs, without a
change in effectiveness. For the ankle the application of MRI did not change the
total costs and had hardly any influence on the effects.

Conclusion

A short MRI examination in all patients with wrist or ankle injury in addition to
radiography is neither cost saving nor effective. Our results do, however, suggest
that a short MRI examination in the initial workup of patients with acute knee
injury shortens the time to completion of the diagnostic workup, reduces the
number of additional diagnostic procedures required, and may reduce overall costs

by reducing the costs associated with lost productivity,
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Abstract

Purpose
To assess the costs and effectiveness of performing a short MRI examination
following radiography in rthe evaluation of recent knee trauma.

Methods and materials

Subjects with recent knee injury were randomized between radiography and
radiography followed by a short MRI examination. A third modeled strategy
consisted of radiography in all patients followed by MRI if the radiograph showed
no fracture. Data were collected on quality of life, time to completion of the
diagnostic workup, number of additional examinations, time absent from work,
time to convalescence and medical and non-medical costs. A cost analysis was
performed from the societal perspective.

Results

208 patients were randomized. At 1 and 6 weeks quality of life was lowest if only
radiography had been performed. Quality of life was similar across the two MRI
strategies. Likewise, the time to completion of the diagnostic workup, time absent
from work, and time to convalescence were longest, and the number of additional
examinations was largest if only radiography had been performed and similar across
the two MRI strategies. The mean total costs were 2231 Euro if only radiography
was performed, 1820 Euro if additional MRI was performed in all cases, and 1697
Euro if MRI was performed only in the absence of a fracture on the radiograph.

Conclusion

Our results suggest that selective use of a short MRI examination following
radiography in patients with acute knee injury who have no fracture on the
radiograph saves costs and potentially increases effectiveness.
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Introduction

Magnetic resonance imaging has proven to be a valuable imaging tool in the
evaluation of traumatic knee injuries. The main reason for performing MRI after
knee trauma is to assess if arthroscopy is indicated. This application of MRI has
been studied extensively (1-4). MRI is, however, rarely used at first presentation of a
patient with an acute knee trauma, although the information could be valuable,
since physical examination shortly after a knee trauma is often hampered by
swelling and pain. An important reason for not using MRI as an initial diagnostic
tool in patients with acute knee injury is the generally high costs and long duration
of the examination. MRI may, however, still play a significant role in the routine
initial examination of recent knee injury. A requisite would be a relatively
inexpensive MRI examination, of limited duration, which still provides sufficient
information to influence the treatment strategy.

The costs and the duration of the MRI examination can be reduced if a low field
dedicated extremity MRI system is used with a short scanning protocol. Although
shortening of the scanning protocol would reduce image quality compared to a
standard high field MRI examination, the information gained could be sufficient to
reduce the time to completion of the diagnostic workup: the information could
influence the decision whether follow-up of the patient is warranted, whether
treatment is indicated, or whether the patient can be sent home without need of
follow-up. If indeed a lesion would be detected, the early availability of this
information could lead to earlier treatment of the patient and potentially to earlier
recovery. This could lead to earlier resumption of work, resulting in a decrease of

production losses, and thereby a decrease of costs to society.

The aim of this study was to assess the costs and effectiveness of performing a short
MRI examination on a low field dedicated extremity MRI system in patients with
an acute knee injury following radiography. We compared MRI in all patients and
selective MRI in patients without a fracture on the radiograph to radiography only.

Methods
Study design
We performed a prospective pragmatic randomized controlled trial (RCT) in a
university hospital, including patients with a traumatic knee injury, which had
occurred within the preceding seven days before presentation. All patients were
examined by an emergency physician, traumatologist or orthopaedic surgeon and

radiography of the knee was ordered.
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Exclusion criteria were: pre-existing complaints of the knee, compound fracture,
substantial injury of head, back, thorax or abdomen, need for urgent treatment, and
intoxication. The subjects were randomized across two diagnostic strategies
consisting of plain radiography alone (strategy 1) and radiography followed by a
short MRI examination (strategy 2). We modeled a third strategy consisting of plain
radiography, followed by selective use of a short MRI examination, if no fracture
was visible on the radiograph. The results of this strategy were estimated by using a
composite of the results of patients from strategy 1 who showed a fracture on the
radiograph and patients from strategy 2 who did not show a fracture on the
radiograph. In this way the costs and effects of the third strategy could be obtained
from the randomized patient groups.

Patients were randomized by drawing from consecutively numbered sealed
envelopes containing computer generated random assignments.  Block
randomization was used with a block size of 20 to obtain equal numbers of patients
in both strategies. Research staff and radiology technologists on service carried out
the inclusion from 8.00 h to 23.00 h, 7 days a week. All patients were given written
and oral information about the goal of the study, and all participating subjects gave
informed consent. The results of the RCT are reported in accordance with the
consort statement (5). The study was approved by the institutional review board
and was performed in accordance with the Helsinki Declaration of 1964, amended

in 1989.

Imaging technique and interpretation

All patients underwent anteroposterior and lateral radiography of the affected knee,
and additional patellar or tunnel views if considered necessary. MRI was performed
using a 0.2 T dedicated extremity MRI system (Artoscan M, Esaote S.p.a., Genoa,
[taly). The scanning protocol is listed in rable 1. The average scanning time was 6
minutes and total examination time, including MRI startup and patient
positioning was on average 15 minutes. The MRI was assessed by an experienced
musculoskeletal radiologist (A.Z.G.) or by a resident on service during evenings and
weekends. The result was reported to the treating physician immediately. If the
MRI was assessed by a resident it was reassessed the next working day by A.Z.G. In
case of a different interpretation the physician was informed.

Follow-up

Data were collected on utilization of medical resources, quality of life, and
production losses caused by absence from work and time to convalescence. The
follow-up period was 6 months.
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Although 6 months is relatively short for outcome assessment, we expected that this
period would be long enough for relevant differences across the strategies to
emerge.

Table 1. Parameters of the short MRI protocol

Slice Acquisition
thickness time

Plane TR (ms) TE (ms) Matrix (mm) (min:s)

(Half Fourier) SE Tl-w  Sagittal 490.720 18-24 192x 216 5.0 0:49 - 1:08
TME PD and T2-w Coronal 2150-2640  28-38/90 192 x 128 5.0 2:23-2:41
GE* Coronal 500-595 15-16 192 x 128 5.0 0:48 - 0:53
STIR + Sagittal 1060-1290 2428 192x 128 6.0/7.0  1:37- 1:46

SE = spin echo, TME = turbo multi echo, PD = proton density, GE = gradient echo,
STIR = shorr-tau inversion recovery, TR = repetition time, TE = echo time.
For all sequences: field of view : 2005140 mm, number of excitations :1

Flip angle : 75 degrees

T Inversion time : 80-85 ms

The effect of the availability of more diagnostic information at the initial stage is
not likely to cause a significant difference in costs beyond 6 months after the
trauma. Questionnaires were sent to all subjects 1 week, 6 weeks, 3 months, and 6
months after inclusion. These questionnaires included quality of life measuring
instruments as well as questions about utilization of medical resources outside our
hospital, outof-pocket expenses, days off work and time to convalescence. If
questionnaires were not returned we interviewed the patient by telephone and
urged them to return the quality of life questionnaires. Besides the information
from the questionnaires, data were obtained from patient records and from the

computerized hospital information system.

Measurement of effectiveness

Quality of life was measured using the EuroQol (6, 7) and the Short Form 36
Health Survey (SF-36) (8). Using the EuroQol it is possible to assign one preference
based tariff, which can be calculated using a regression equation (9). The SFE-36
consists of 36 questions covering eight domains (physical functioning, role-physical,
bodily pain, general health, vitality, social functioning, role-emotional, and mental

health). An algorithm is used to assign values to each domain.
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From the moment a subject indicated on one of the four questionnaires that he or
she did not have complaints of the injured knee anymore, we assumed that no
further change in quality of life related to the initial rrauma would occur and the
EuroQol and SF-36 scores measured at that point in time were extrapolated to the
remaining questionnaires. If a person indicated that he/she did not have
complaints anymore but did not fill in the quality of life questions, mean values for
the EuroQol and the eight SF-36 domains were used for extrapolation. These mean
values were derived from questionnaires of all complaint-free subjects that filled in
the health survey questionnaires. We used linear regression analysis to analyze if
these mean values were influenced by age and sex and adjusted accordingly.

The time to completion of the diagnostic workup was defined as the time from
initial presentation to the last diagnostic examination. The number of additional
diagnostic procedures was assessed by reviewing the hospital information system
and by information from the questionnaires or telephone inquiry in case the
examinations had been performed outside our hospital. The number of days absent
from work and the time to convalescence were obtained from the questionnaires or,
in case the questionnaires were not returned, by telephone inquiry. A patient was
regarded as convalesced if he or she did not have daily complaints anymore.

Measurement of costs

All costs relevant from the societal perspective were recorded with a follow-up
period of 6 months. These costs included both medical and non-medical costs.
Medical costs consisted of costs of diagnostic procedures and trearment both inside
and outside the hospital as well as patient travel costs. Costs of initial trearment as
well as diagnostic procedures were calculated using a bottom-up approach (10),
taking into account the initial investment of equipment, addirional costs during
use, maintenance, years of use, discounting and annuitization (11), number of
procedures per year, personnel costs, materials used, room rent, housekeeping,
administration, and overhead costs. Costs were discounted at a rate of 3% per
annum (12). Estimated actual costs of hospital visits and hospital admissions were
obtained from the Dutch Council for Care Insurance (10). For costs of operations
reimbursement tariffs as established by the Dutch Central Organ for Tariffs in
Healthcare were used.

Qut-of-pocket expenses and patient time costs were recorded as direct non-medical
costs. Patient time was valued in monetary units (12) which was derermined by
multiplying the time spent on follow-up, diagnostic and therapeutic procedures
(including travel time, and waiting time) by the average net income of subjects
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stratified for age (source: Dutch Central Bureau for Statistics, data for both working
and not working subjects in the Netherlands in the year 2000).

Costs associated with production losses were estimated using the 'friction cost
method' as described by Koopmanschap et al and recommended in guidelines for
costeffectiveness analysis (12, 13). According to the friction costs method costs to
society are only generated during the time it takes to replace a sick employee, the
friction period. After this period no costs to society are generated, since the sick
employee is replaced by someone drawn from the ranks of the unemployed. For
shortterm absence from work the loss of productivity may be low, because work
may be performed by colleagues or work can be postponed and performed on
return of the sick employee. For long term or permanent absence extra costs of
maintaining production, costs of production loss, costs of filling the vacancy and
costs of training the new employee are incorporated.

The costs of lost productivity per day absent from work were calculated using
friction cost data estimated for working people in the Netherlands in 1998, based
on sex and age (10), adjusted for the year 2000. The friction period for the year
1998 was estimated to be 4 months (10), but because of increased shortage on the
labor market we estimated the friction period in 2000 to be 6 months (personal
communication Koopmanschap). Costs were analyzed on an intention-to-
diagnose-and-treat basis.
The effect of uncertainty of the involved parameters on the robustness of our

results was studied in a sensitivity analysis. Oneway sensitivity analysis was
conducted by exploring a range from 50% to 200% for each parameter. Parameters
that appeared sensitive in the oneway analysis were analyzed in a three-way
sensitivity analysis.

The analyses were performed using Microsoft Excel 97 SR-2 (Microsoft Corp,
Redmond, WA) and SPSS for Windows (release 10.0.0; SPSS Inc., Chicago, IL,
USA) software packages. Because one of our strategies is a composite of the results
of the other two, statistical testing for differences was not justified. We therefore
chose to report 95% confidence intervals, but not p-values.

Results

From August 1999 to May 2001, 208 patients were included. A flow diagram of
patients passing through the study is presented in figure 1. On review 18 patients
did not fulfill all the inclusion criterian and one case was suspected of
automutilation; these 19 patients were excluded from the analysis. Of che
remaining 189 patients 96 patients were allocated to the MRI strategy and 93
patients to the reference strategy.
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Figure 1. Flow diagram of subjects passing through the trial.
the remaining percentage concerns patients that were not treated in our hospiral, and

information on possible treatment elsewhere is lacking.

Table 2. Baseline characteristics of the patient groups in the three strategies.

Straregy |

Straregy 2

Strategy 3

n=93 n=96 n=91
Age 34.7 32.2 337
Sex (male) 68 % 62 % 63 %
Fracture visible on X-ray 8 13 8
Type of trauma * 41/51/1 36/59/1 36/55/0

(direct / indirect / unknown)

™

numbers
Strategy 1: only radiography
Strategy 2:

Strategy 3:

radiography plus MRI
radiography, if no fracture then MR

are the number of patients with the specified type of rrauma
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Table 3. Final diagnoses in 189 patients with recent knee injury.

strategy 1 strategy 2 strategy 3
no abnormalities 0 2 2
contusion 18 24 25
distorsion™ 21 14 14
fracrure
patella 4 6 4
tibiaplateau 0 2 0
fibula head avulsion 0 1 0
avulsion ar the MCL origo 0 1 0
Segond fracture 1 0 1
osteochondral fracture 3 3 3
quadricepstendon rupture 1 0 Q
medial meniscus tear 3 B 11
lateral meniscus tear 4 5 4
cruciate ligament ruprure
ACL partial 5 3 3
ACL roral T 14 12
PCL partial 0 I 1
PCL tortal 1 0 0
ACL+PCL toral 1 0 0
ACL+PCL partial 1 0 0
collateral ligament rupture
MCL partial 10 6 6
MCL total 3 4 3
LCL partial 0 1 1
LCL tortal 0 0 0
prepatellar bursitis 0 1 1
traumatized gonarthrosis 3 1 1
unclear 9 5 5

Strategy 1: only radiography

Strategy 2: radiography plus MRI

Strategy 3: radiography, if no fracture then MRI.

ACL=anterior cruciare ligament, PCL=posterior cruciate ligament,

MCL=medial collateral ligament, LCL=lateral collateral ligament.

* A distortion was defined as an indirect trauma (torsion, hyperextension, varus or valgus) without

proven osseous, meniscal or ligamentous injury.

In 2 patients, allocated to the MRI strategy, the MRI was not made because the
knee could not be positioned in the center of the magnet bore: one patient had a
locked knee, and in one case the knee was too large to fit into the magnet. In one

very obese patient the MRI was uninterpretable.
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These three patients were analyzed in the strategy as originally assigned. The
baseline characteristics are described in table 2. Eight patients in strategy 1 (only
radiography) showed a fracture on the radiograph and 83 patients in strategy 2
(radiography plus MRI) showed no fracture on the radiograph. These 91 patients
formed the subject group for strategy 3 (MRI if no fracture on radiography). The
final diagnoses as assessed using all information including follow-up are listed in
table 3.

Effectiveness

Linear regression analysis showed that the mean EuroQol and SF-36-domain scores
of patients without complaints were not significantly influenced by age or sex, and
therefore the mean values of the EuroQol and SF-36-domain values were used for
imputation. The EuroQol tariffs are presented in figure 2.

EuroQol values

1.0 7
0.8 -+ T
£ g
S 06
C_OF [
2 0.4- i
=3
w i
G2 : Figure 2. Mean
0.0 ; : : L] ; Eu:)'oQol _tariff.s and
C 4 -
1wk 6 wk 3 months 6 months 95% Conhc_leme
) - intervals of the three
Time after the injury ’
strategies measured at
Eonly radiography ~ Oradiography ~ OMRI if no fracture 4 points in time after
lus MRI i 3 i T
RER an ne radiograph the inirial mjury.

Patients in strategy 2 (radiography plus MRI) showed a higher EuroQol tariff at one and
six weeks after the injury (EuroQol tarift 0.56, 95% CI (confidence interval) 0.490.62 and
0.72, 95% CI 0.670.77 respectively) than patients in strategy 1 (only radiography;
EuroQol tariff 0.41, 95% CI 0.330.48 and 0.61, 95% CI 0.54-0.67 respectively). In
strategy 3 (MRI if no fracture visible on the radiograph) the EuroQol tariff ar one week
was slightly lower (EuroQol tariff 0.52, 95% CI 0.450.59) compared to strategy 2 (always
MRI), whereas during follow-up the EuroQol tariffs of these two strategies were similar.

All the SF-36 domains, except for general health, demonstrated an increase in score over
time (Figure 3).
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SF-36 at 1 week
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Figure 3. Mean SF-36 domain scores at Tweek, 6 weeks, 3 months and 6 months after the

injury.

PF= physical functioning, RP=role-physical, BP=bodily pain, GH=general health,
VT=vitality, SF=social functioning, RE=role-emotional, MH=mental health.
Only the domains PF and RP at one and six weeks show a lower score in the 'radiography

only' strategy compared to the other two strategies. Note: the lines between the points are

only to improve visual comparability and do not have intrinsic meaning.
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The two MRI strategies demonstrated similar SF-36 scores across all domains at all
points in time. After one and six weeks physical functioning and physical role
functioning were higher in the MRI strategies compared to radiography alone.
However, only the difference in physical functioning after one week was statistically
significant. The scores of all the other domains were very similar across the three
strategies at all points in time. The time to completion of the diagnostic workup, the
duration of absence from work, and the time to convalescence were shortest in
strategy 3 (Table 4). The number of additional procedures was almost the same in
the two strategies with MRI, which was considerably shorter than in the strategy
with only radiography.

Costs

Medical costs were highest in the strategy with MRI in all patients (strategy 2) and
lowest if no MRI was performed at all (strategy 1) (Table 5). Travel costs were
relatively low and similar across the three strategies. The friction costs constituted

the largest cost factor in all strategies.

Table 4. Effectiveness results.

Strategy | Strategy 2 Strategy 3
(95% CI) (95% CI) (95% CI)
n=93 n=96 n=91
Mean time to last diagnostic 17.3(9.3-25.2) 3.5 (0.0-7.6) 2.0(0.04.1)
procedure (days)
Number of additional diagnostic 35 9 10
procedures (absolute numbers)
Mean duration of absence from work 12.4(7.5-17.3) 9.6 (5.9-13.2) 8.6(5.0-12.3)
(days)
Mean time to convalescence (days) 76.6 (54.698.5) 66.2 (50.2-82.3) 60.4 (44.8-76.0)
Straregy 1: only radiography
Strategy 2: radiography plus MRI
Strategy 3: radiography, if no fracture then MRI

959% CI = 95% confidence interval

Total costs were lowest if MRI was used selectively in patients without a fracture on
the radiograph (strategy 3), which was mainly caused by a reduction in friction
costs. Total costs were highest in the strategy with only radiography, which again
was mainly attributable to high friction costs.
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Table 5. Mean costs associated with the initial knee injury.

Strategy |
Euro (95% CI)

Strategy 2
Euro (95% CI)

Straregy 3

Euro (95% CI)

Medical costs

Travel costs

Friction costs

Time costs

606 (462-751)
16 (14-19)

1510 (896-2123)

99 (58-140)

691 (486-897)
17 (15-20)
993 (556-1430)
118 (29-208)

640 (520-761)
18 (15-20)
944 (503-1385)
94 (57-132)

Toral costs 2231 (1561-2901) 1820 (1280-2360) 1697 (1205-2188)

Strategy 1: only radiography

Strategy 2: radiography plus MRI

Strategy 3: radiography, if no fracture then MRI
95% CI = 95% confidence interval

X-ray and MRI in all patients MRI if no fracture on the X-ray
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Figure 4. Threeway sensitivity analysis on friction costs and friction period for the base
value of the short MRI examination (56 Euro) and twice this base value. Radiography and
MRI in all patients compared with radiography only (a); radiography in all patients followed
by MRI only if no fracture is visible on the radiograph compared with radiography only (b).
In the area above the threshold lines the strategy that includes MRI generates less costs than
the reference strategy, in the area below the threshold lines the strategy including MRI
generates more costs than the reference strategy. A plausible range of friction costs and

friction period is indicated.
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Table 6. One-way sensitivity analysis of the mean total cost difference between
the intervention and the reference strategy.

The cost difference between the two strategies was recalculated for each single variable at 50% and
200% of the original value of that variable, to assess the influence of variation of that variable on
the total cost difference. Costs of the strategy that did not include MRI were always highest. The
baseline cost difference is the cost difference between the strategies with all variables fixed at
100%. The range is a measure of sensitivity of the cost difference to that variable. Only the most

sensitive variables are presented. Costs are in Euro.

Cost difference between Cost difference between

strategy 1 and strategy 2 strategy | and straregy 3
Variable 50 % 200 % range 50 % 200 % range
baseline 412 534

(all variables 100%)

friction costs 153 929 776 252 1099 847
friction period 264 412 148 372 534 162
short MRI examination 440 355 85 560 483 77
short MRI examination 440 355 85 560 483 17
outpatient visit 425 385 40 546 511 35
time costs 421 392 29 552 539 7
hospital day 418 398 20 517 569 52
physiotherapy 416 402 14 545 514 31
standard MRI examination 408 418 10 525 553 28
operative therapy 410 415 5 531 541 10
radiography 413 408 5 535 533 2

Strategy 1: only radiography
Strategy 2: radiography plus MRI
Strategy 3: radiography, if no fracture then MRI.

Sensitivity analysis

In a one-way sensitivity analysis the cost difference between the strategies including
MRI (strategy 2 and 3) and the strategy with only radiography (strategy 1) was
sensitive to the estimated friction costs per friction period, to the friction period
itself, and to the costs of the short MRI examination (Table 6). Three-way sensitivity
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analysis of friction costs, friction period, and costs of the short MRI examination
(Figure 4) demonstrated that within plausible ranges of these variables the strategies
that included MRI generated less costs than the strategy with only radiography.
This conclusion was even more robust for strategy 3 (MRI if no fracture on
radiograph) (Figure 4b) than for strategy 2 (always MRI) (Figure 4a).

Discussion

MRI is seldomly used as an initial investigation tool in acute knee injury because of
the high costs of the examination. We studied the costs and effectiveness of
applying a limited MRI examination in parients with an acute knee injury. Two
MRI strategies were analyzed, namely performing MRI in all patients and selective
use of MRI if no fracture is demonstrated on the radiograph. The rationale behind
the latter strategy is that we considered it plausible that the addition of MRI to
radiography in patients who already show a fracture on the radiograph has limited
value for the (initial) treatment: in most cases treatment will be determined by the
fracture. The strategies were compared to the strategy of radiography alone.
Performing this study we assumed that the early diagnostic information would
result in more adequate and earlier treatment. Although this is true for many cases,
we recognize that there is a potential danger of overtreatment. Some meniscal tears
may heal or become symptomless without surgery (14). Still, if the short MRI
examination leads to an overall reduction in costs without a reduction in quality of
life, the benefits of more accurate early diagnostic information outweighs the risk of
overtreatment.

The application of MRI in patients without a fracture on the radiograph resulted in
a slight improvement in quality of life during the first 6 weeks compared to using
radiography only. The quality of life was almost identical for the two MRI
strategies. Time to diagnosis, duration of absence from work, and time to
convalescence were all slightly shorter compared to MRI in all patients and
substantially shorter compared to only radiography.

Medical costs were lowest if only radiography was performed. As expected, if an
MRI was performed selectively in the absence of a fracture, medical costs were
lower than if MRI was performed in all patients. Thus, the application of a short
MRI examination did not lead to a reduction in costs of subsequent diagnostic and
therapeutic procedures. The main reduction in costs was brought about by
reduction in lost productivity, which was similar for both MRI strategies. The
difference in time costs was small across strategies because the mean time spent for
diagnostic and therapeutic procedures was similar. Travel costs were similar and
low for all groups. This is plausible in the Dutch situation, since the density of
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hospitals in the Netherlands is high, and travel distance to the nearest hospital is
generally short.

Our conclusions were robust in sensitivity analysis. A three-way analysis of the most
sensitive parameters (friction costs, friction period, and costs of the short MRI
examination) did not influence our conclusions. Our results were, however,
influenced by heterogeneity of the patient populations, expressed by the wide
confidence intervals of the costs (Table 5). This heterogeneity within the patient
groups was to be expected since we considered all patients with traumatic knee
injury, ranging from a mild injury, without need for treatment to trauma with
extensive internal derangement. Especially friction costs were subject to
heterogeneity in the studied population. Since a short period off work may generate
considerable costs, absenteeism caused high mean friction costs in spite of the fact
thar only a small number of patients was absent from work.

A limitation of the study is the fact that although inclusion was intended to be
consecutive, about half of the eligible patients was not included. This was caused by
patients who refused to participate and by patients that were not asked to
participate; because inclusion took place from 8.00 - 23.00 h, seven days a week,
many different radiology technologists on service were involved in the recruitment,
which was forgotten regularly.

In many studies the response rate to mailed questionnaires is about 60 - 65%

(15-22); in our study the response rate of patients that underwent both radiography
and MRI was within that range, but the response rate of patients that only
underwent radiography was lower, which may have biased the results on quality of
life. For data on costs we were much less dependent on the questionnaires, since we
could obtain most data from the patient records and computerized hospital
information system, sometimes complemented by telephone inquiry.
The diagnostic strategy with selective use of MRI if no fracture was visible on the
radiograph was modeled, since this group was not incorporated in the trial.
Modeling created limitations in the comparison of the strategies, since differences
between the modeled and the observed strategies could not be tested startistically.
However, we chose to use a modeled strategy because it created the opportunity to
analyze a realistic strategy beyond the scope of the original trial. The results indicate
that the modeled strategy, MRI in patients without a fracture on the radiograph,
may be more costeffective than MRI in all patients. Because the results were
obtained from a post hoc modeling analysis, they should ideally be evaluated in a
prospective trial.
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Conclusion

Our resules suggest that selective use of a short MRI examination following

radiography in patients with acute knee injury who have no fracture on the

radiograph saves costs and potentially increases effectiveness.
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Abstract

Purpose

The purpose of this study was to illustrate the usefulness of value of information
analysis to direct further research concerning the use of MRI for acute knee trauma.

Methods

We performed value of information analyses in a probabilistic model comparing no
MRI versus MRI versus selective MRI for acute knee trauma from the societal
perspective, using data from a randomized controlled trial.

Results

The total expected value of perfect information (EVPI) of all parameters was 83
euro per patient, resulting in a population EVPI of 7.6 million euro. We found that
only four parameters (out of 108) together were responsible for 83% of the benefit
to gain with more research. These parameters represent the number of days off
work due to the knee injury for each of the three strategies and the number of
hospital days for the intervention strategy.

Conclusions

This application illustrates the usefulness and practicality of value of information
analysis to guide further research. Instead of performing another trial to gather
better estimates of all 108 parameters, our results suggest that the next study should
focus on obtaining better estimates for the number of days off work for cach
strategy.
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Introduction

The main objective of a randomized controlled trial (RCT) or medical decision
analysis is to identify the optimal trearment or diagnostic work-up. If an RCT finds
a pvalue of less than the arbitrary 0.05, investigators tend to conclude that the
issue is settled. For higher p-values it is almost invariably concluded that more
research is needed. However, the expecred benefit of more research is not simply
high for a p-value exceeding 0.05 and small for a pvalue below 0.05. The
justification of more research depends on such diverse factors as the number of
future patients that could benefit, the costs of future research, and the probability
and consequences of a false claim. Apparently the results of an RCT raise a second
question: should we perform more research? (1-4)

More research seems only justified if the expected benefit of more research for
future patients exceeds the expected costs of the research itself. Value of
information analysis is an analytical tool that can estimate the expected value of
more research and therefore direct further research. If the benefit of more research
is not explicitly assessed, a nonsignificant trial result should conclude that there is
insufficient evidence to identify the best treatment, instead of the universal "more
research is needed".

In a randomized controlled trial we assessed the use of MRI for acute knee trauma.
After completion of this study we were left with the decision whether further
research should be performed to decrease uncertainty about the optimal decision.
The purpose of this study was to illustrate the usefulness of value of information
analysis to direct further research concerning the use of MRI for knee trauma.

Methods

Randomized controlled trial

In a diagnostic randomized controlled trial we enrolled consecutive patients
between August 1999 and May 2001 with recent knee injury referred to the
radiology department for imaging. Patients were randomized across two diagnostic
strategies consisting of plain radiography alone (the reference group) and
radiography followed by a short MRI examination (the intervention group). A third
strategy was modeled, including those randomized patients in the reference group
with a fracture and those in the intervention group without a fracture. The
modeled strategy thus represented patients that underwent an MRI examination
only if the plain radiography was negative.

During the 6 months of follow-up, quality of life was measured with the EuroQol.
All costs relevant from the societal perspective were recorded during the follow-up

period. These costs included both medical and non-medical costs.
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Medical costs consisted of costs of diagnostic procedures and trearment both inside
and outside the hospital as well as patient travel costs.

Costs of initial treatment as well as diagnostic procedures were calculated using a
bottom-up approach (5), taking into account the initial investment of equipment,
additional costs during use, maintenance, years of use, discounting and
annuitization (6), number of procedures per year, personnel costs, marterials used,
room rent, housckeeping, administration, and overhead costs. Costs were
discounted at a rate of 3% per annum (7). Estimated actual costs of hospital visits
and hospital admissions were obtained from the Dutch Council for Care Insurance
(5). For costs of operations reimbursement tariffs as established by the Dutch
Central Organ for Tariffs in Healthcare were used.

Outofpocket expenses and patient time costs were recorded as direct non-medical
costs. Patient time was valued in monetary units (7) which was calculated by
multiplying the time spent on follow-up, diagnostic and therapeutic procedures
(including travel time, and waiting time) by the average net income over all
randomized subjects (source: Dutch Central Bureau for Statistics, age-specific data
for both working and not working subjects in the Netherlands in the year 2000).
Costs associated with production losses were estimated using the 'friction cost
method' as recommended in guidelines for costeffectiveness analysis (7,8).
According to the friction costs method, costs to society are only generated during
the time it takes to replace a sick employee, the friction period. After this period no
costs to society are generated, since the sick employee is replaced by someone drawn
from the ranks of the unemployed. For shortterm absence from work the loss of
productivity may be low, because work may be performed by colleagues or work can
be postponed and performed on return of the sick employee. For long term or
permanent absence extra costs of maintaining production, costs of production loss,
costs of filling the vacancy and costs of training the new employee are incorporated.
The costs of lost productivity per day absent from work were calculated using
friction cost data estimated for working people in the Netherlands in 1998, based
on sex and age (5), adjusted for the year 2000. The friction period for the year 1998
was estimated to be 4 months (5), but because of increased shortage on the labor
market we estimated the friction period in 2000 to be 6 months (personal
communication Koopmanschap). The friction cost was determined by multiplying
the number of days absent from work by the average costs, over all randomized
subjects, of lost productivity per day absent from work.
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Probabilistic model

We developed a probabilistic model using the data from our RCT(, 10). A
probabilistic model requires specifying distributions for all estimated model parameters
in order to represent their uncertainty. Quality of life was not considered in the model
since a difference was not anticipated. All medical costs, as well as travel and friction
costs, were split up in unit costs (e.g., the costs of a cast or a day inpatient stay) and the
mean number of units per patient (resource use) for each strategy (e.g., 5 casts for 100
patients or 6 inpatient days for 100 patients). The unit costs are independent of the
strategy, contrary to the mean number of units per patient. Patient time costs were split
up in unit time (e.g., time needed for an outpatient visit), mean number of units (e.g.,
mean number of outpatient visits per patient) and the time costs per minute.

Since unit costs are specified and not estimated parameters, we treated them as fixed
rather than stochastic(11). Distributions representing the uncertainty about the mean
number of units per patient for each unit were derived from patient level data. All
distributions in the model represent the uncertainty about the estimated mean value of
the parameters (standard error of the mean), not of the distribution in the sampled
population (standard deviation). The distribution of resource use in a sampled
population is usually very skewed, which can be described, for instance, with a Gamma
distribution. The uncertainty about the mean values in the population, however, was
represented with normal distributions since the central limit theorem held.

In the RCT, data on resource use were collected for 36 parameters for both strategies.
The modeled strategy added another 36 parameters, resulting in a total of 108 resource
parameters. For each of the 36 parameters the unit cost was specified, being the same
for each strategy. For some of the 36 parameters (e.g., an outpatient visit) the unit time
was specified. Twenty parameters represented rarely used resources (e.g., ultrasound of
the knee or surgery for a quadriceps rupture) and were therefore aggregated into 4
groups. Instead of estimating the mean number of resources per parameter, the mean
aggregated costs were estimated in these groups. This resulted in a total of 20
parameters per strategy (36-20+4) in the model.

The simultaneous uncertainty in all parameters was represented by a multivariate
normal distribution with variances equal to the estimated squared standard errors of
the mean and correlations equal to the estimated correlations between the different
parameters. We assumed that the correlations between the parameters were identical
for all strategies. Therefore, one correlation matrix was calculated using all randomized
patients.

We performed second-order Monte Carlo simulations (1,000,000 iterations) to
propagate uncertainty represented by the distributions through the model, resulting in
distributions for the total costs of each strategy. These distributions should have the
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same mean and standard errors as the classical staristical analysis of patient data (i.e.,
calculating mean and standard error of toral costs per patient). We then calculated the
probability that the mean optimal strategy was optimal.

Value of information analysis

We performed value of information analysis as described by others in recent
publications(1, 12-14). Total expected value of perfect information (total EVPI) was
first calculated. Total EVPI can be interpreted as the expected benefit of an infinitely
large RCT, reducing uncertainty to zero. Value of information is always expressed in
the same units as the outcome of the strategies (i.c. euro).

We then estimated the annual number of patients expected to benefit from more
information, the effective life time (T) of the short MRI examination, and the discount
rate, in order to calculate the population EVPI(3):

T Annualpopulation
EVPL* ¥ i

=1 (l1+discountrate)’

If the population EVPI is smaller than the estimated research costs, more research is
not justified.

Next, by calculating partial expected value of perfect information (partial EVPI) we
estimated the contribution of one parameter, or sets of parameters, to overall
uncertainty. The benefit of knowing the parameters of interest without uncertainty was
calculated. Although the model is a linear function of the parameters, a two-level
Monte Carlo simulation was necessary since the parameter(s) of interest and the
remaining parameters were correlated.

Instead of sampling all parameters in a future study, key parameters were identified
that were responsible for most of the decision uncertainty. These key parameters could
be targeted specifically in either an RCT or an observarional studly.

All analyses were performed in S-PLUS 6.0 (Professional Release 1, Insightful Corp.).

Results

Randomized controlled trial

189 Patients were randomized, of whom 93 were allocated to the radiograph only
strategy and 96 underwent an additional MRI of the knee. 91 Subjects represented the
third (modeled) strategy. The mean tortal costs were 1944, 1774 and 1621 euro per
patient, respectively. These means did not differ staristically significantly. Friction and
medical costs were responsible for most of the total costs. Time and travel cost together
were responsible for less than 10% of the total costs.
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Model parameters

Table 1 shows a list of the values of the specified parameters (i.e., unit cost and unit
time). The strategy-specific distributions of 20 estimated parameters, indicating mean
number of units, including four aggregated parameters indicating mean costs, are
presented by probability density plots in Figure 1.

Table 1. Values (i.e., unit costs and unit times) of
specified parameters

Description Value

Unit costs (in euro)

bandage 5
tubigrip 2
NSAID 10
cast 38
hinge cast 57
outpatient visit 74
hospiral day (24 hours) 340
daytime only hospital day 227
short MRI examinarion 56
radiograph (including radiologist interpretation) 15
physiotherapy visit 18
general practitioner visit 17
alternative medicine visit 18
arthroscopy and meniscectomy 480
travel cost emergency room 3
travel cost hospirtal 3
travel cost other I
friction cost per day 96
time cost per minute 0.09
Unit time (in minutes)

emergency room visit 90
short MRI examination 30
outpatient visit 60
general practitioner visit 45
alternative medicine/physiotherapy visit 60
hospital day 1440
daytime only hospital day 480
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Chapter 9

These plots give an impression of the uncertainty around the mean values of the
sampled parameters. The reference strategy (radiograph only) had a significantly
higher mean value for parameters associated with additional diagnostic tests (i.c.,
costs of other diagnostic tests, number of minutes of diagnostic tests and number of
diagnostic tests necessitating hospital visit). Since these patients did not undergo an
MRI at their emergency room visit, they were more likely to need additional
diagnostic work-up later during follow-up. The number of bandages is the only
other parameter differing significantly between strategies, for which we do not have

an explanation other than chance.

Probabilistic sensitivity analysis

Figure 2, a probability density plot, illustrates the uncertainty around the mean of
the total costs for each strategy. For each strategy two curves are plotted: the wider
distributions take the correlations between the parameters into account. The costs
of surgical treatment, for example, are highly positively correlated with the number
of hospital days. If correlations were not modeled, the overall decision uncertainty
was underestimated. Taking correlations into account, the model found exactly the
same mean and confidence interval as the classical statistical analysis of the RCT
data.

Figure 2. Probability density
plot. The solid and wider
distributions take correlations
between parameters into
account, the dotted distributions
do not. From left to right:
distribution of the modeled
strategy, the intervention strategy
and the reference strategy.
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The modeled strategy had the lowest mean total cost and was the optimal strategy
in 61% of the simulations. Therefore, if based on this RCT the modeled strategy
would be selected, there would be a probability of 39% that the wrong (i.e., more

costly) strategy is introduced.
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Total value of perfect information

The total expected value of perfect information was 83 euro. This implies that an
infinitely large future RCT is expected to reduce the mean total costs of a
knee-injured patient with 83 euro on the current mean of 1621 euro per patient.
The distribution of the total value of information was highly skewed as shown in
the histogram in Figure 3. The first bar of the histogram is so high since in the 61%
of the simulations in which the modeled strategy was optimal, the value of
information was zero.
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Figure 4 presents the "reversed" cumulative density curve. The y-axis shows the
probability that the value of perfect information exceeds the value on the x-axis.
Since the optimal strategy was optimal in 61% of the analyses, the probability that
the realized value of perfect information will be larger than zero was only 39%. The
probability that the value of perfect information will exceed the expected value of
perfect information of 83 euro was about 29%.
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Population EVPI

We estimated the number of future patients expected to benefit from more
research ar 20,000 per year for the Netherlands. There is considerable uncertainty
about the effective lifetime of the short MRI in the
In Figure 5 the population EVPI is calculated over a

plausible range for the effective lifetime. This was repeated for different values of

examination as used

intervention strategy.

the discount rate and the value of information for one patient. For an effective life
time of 5 years and a discount rate of 3%, the population EVPI was 7.6 million

euro.
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Partial EVPI

Figure 6 presents the partial EVPI per patient for selected individual parameters

and sets of parameters.

Figure 6. Partial EVPI per
= 33 . B patient of individual
% 70 parameters and sets of
£ gg parameters. "Friction" refers to
% 40 the number of days of
o ;g production loss. "All" refers to
g 1 IJ all strategies simultaneously.
i o = 1,2 and 3 refer to the
& _@oé} i * o‘°°w o S \\e“\'\ \\q}“q’ Qé‘\rb reference strategy, the
$ & ¢ & & o‘?’b\& & & & intervention strategy and the
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Of the 108 (36 per strategy) parameters only 4 parameters were responsible for 83%
of the total EVPL. The parameters representing the number of days of production
loss for each strategy were responsible for most of the expected benefit to gain with
more research. Reducing the uncertainty around the mean number of hospital days
for the intervention strategy is also expected to be beneficial. The partial EVPI for
the mean number of hospital days for the other strategies was close to zero. Note
that figure 1 shows that the mean number of hospital days had the highest a priori
uncertainty for the intervention strategy.

The partial EVPI of two parameters was not the same as the sum of the partial
EVPI of each parameter separately. For example, the partial EVPI for the mean
number of hospital days was 8.1 euro for the intervention and the third strategy
together, but for the intervention strategy alone 6.1 euro and for the third strategy
alone 0.02 euro.

Discussion

Patients undergoing an MRI in the emergency room setting for acute knee trauma,
conditional on a negative radiograph (i.e., no fracture), incurred the least costs from
a societal perspective during the 6 months of follow-up (but not significantly less).
The rotal expected value of perfect information was 83 euro per patient, resulting in
an estimated population EVPL of 7.6 million euro for the Netherlands. This
population EVPI was sufficiently high to justify exploration of partial EVPL. We
identified 4 key parameters that were together responsible for 83% of the total
expected benefit to gain with more research. These 4 parameters were the mean
number of days of production loss for each strategy and the mean number of
hospital days for the intervention strategy. This implies that if we could ger
perfectly accurate estimates of these four parameters in a research project that
would cost less than 83% of 7.6 million euro, the research project is expected to be
costeffective. Perfect estimates can only be derived with an infinitely large sample,
however, and therefore we should assess the so-called expected value of sample
information (EVSI) to estimate the expected value of different sample sizes(13).

Both in RCTs and decision models, not only effectiveness, bur also costs and
uncertainty are increasingly assessed with so-called stochastic costeffectiveness
analyses. Economic evaluations can help us decide between the many innovations,
forced by the limited health care budget. However, the objective of assessing
uncertainty is rarely stated explicitly.

The principle of decision theory states that decisions ought to be based on expected
utilities (i.e., the mean outcomes)(15, 16). Claxton articulated this principle by
stating that uncertainty around the expected outcome measure is irrelevant in
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choosing the optimal strategy(1, 3): no matter what the pwvalue is, the strategy with
the best mean outcome should be implemented. Clinical trials are not performed
to draw inference, but to make decisions. Accordingly, assessing uncertainty can
only be of value in deciding whether further research is necessary. The latter
decision may be based on sensitivity analyses or acceptability curves, which both
quantify the confidence we have that the optimal strategy really is the best and
therefore whether more research is needed. But even the sophisticated probabilistic
sensitivity analysis (PSA) can give an incorrect impression of the importance of the
decision uncertainty: a high probability that another strategy than the optimal
strategy is best, does not justify more research if the other strategy is not likely to be
substantially better. PSA only assesses the probability of a wrong claim, not the
consequences in costs or health benefit. For some time, value of information (VOI)
analysis has been proposed to explicitly assess the value of performing more
research regarding medical decisions. Nevertheless the vast majority of decision
analyses explore uncertainty for ambiguous reasons instead of performing a VOI
analysis to direct further research.

Ideally, a VOI analysis is performed in a decision model representing all current
knowledge and uncertainty. We only used data from our RCT and therefore might
have overestimated the expected value of information. Synthesizing and
extrapolating all available evidence in a decision model, however, has the
disadvantage of inevitable speculation and judgment.

One important judgment call we made concerns the validity of the modeled
strategy. Though this strategy was not an arm of the original RCT, we believe it is
unbiased. Another assumption is that beyond the follow-up period of 6 months we
do not expect a difference in costs between strategies.

We also assumed that the unit costs of an MRI, the time costs per minute and the
friction costs per day are specified and therefore fixed. However, the unit cost of an
MRI, for example, was calculated with a bottom-up approach. Subunits (e.g.,
equipment use) were sampled, yielding a different MRI cost for each patient. The
distribution of this subunit use could be more accurately estimated in a larger
study. We did not take this additional uncertainty into account, possibly slightly
underestimating the total EVPL

An influential parameter in a VOI analysis is the number of patients expected to
benefit. Figure 5 illustrates how an increase in effective life time results in a steep
increase in population EVPL. Moreover, the effective life time of a new innovation
is highly uncertain. Furthermore, the choice to use national or global estimates of
the annual incidence of the disease is rather arbitrary, but even more influential for
the population EVPL
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BL‘CHUSL‘ thc Ccntra\] [il“it thﬁ(‘)rﬁ‘l'ﬂ l'lL‘.‘ld fm‘ ﬂ“ parz‘imctcrs, we COUIKE use n()rmal
distributions to represent uncertainty. This enabled us to introduce correlations
between parameters, drawing from the multivariate normal distribution. Not taking
correlations into account can result in an over- or underestimation of the EVPI (see
appendix).

Interestingly, with value of information analysis the question arises again whether
we care about the distribution of the outcome. Figure 3 illustrates that the value of
information is highly uncertain: there is a 619% probability that it is zero, it is
expected to be 83 euro, and the probability that it exceeds 200 euro per patient is
17%. Expected utility theory would again state that we should only care about the
83 euro. Nevertheless, the risk attitude of the researcher and grant provider could
influence the choice between two projects with the same population EVPL The
more skewed the distribution of the value of information, the more likely a future
study will show no benefit. However, skewness makes it also more likely to find
that another strategy is actually substantially better: a less likely but very important
finding.

Value of information analysis is an elegant technique to answer an essential
question: should we perform more research! It has been receiving increasing
attention in the literature, but only a few applications have been published(3). We
illustrated the practicality and usefulness of value of information analysis to assess
the expected value of more research and identify research priorities concerning the
use of MRI for acute knee trauma. More research seems justified, although EVSI
analysis should confirm this, and the focus should be on only 4 our of 108
parameters.
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Appendix
Imagine y is the outcome and x, and x, are two distributions representing resource
use. If y =x, +x,, then the general formula for the variance of y is:

var (y) = var (x,) + var (x,) + p *sd (x)) * sd (x,).
This formula shows that the effect of disregarding the correlation ( p ) depends on

the sign of the correlation. Since in our model most correlations were positive,
disregarding them led to smaller distributions and an underestimation of the total

EVPIL
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Summary

In search for improvement of the early diagnostic accuracy in patients presenting
with acute trauma of wrist, knee, or ankle, we studied the value of a short low-field
MRI examination in addition to radiography in a randomized controlled trial
(RCT). We were interested to know whether the addition of a short MRI
examination in all patients with acute trauma of wrist, knee, and ankle would
improve our ability to discriminate between patients requiring additional treatment
after their initial hospital visit and patients that could be sent home without
further follow-up. We analyzed the effects and the costs of the addition of the short
MRI examination to the current diagnostic strategy.

Meta-analysis

Chapter 2 describes a meta-analysis of the published data on the diagnostic
performance of magnetic resonance imaging of the menisci and cruciate ligaments.
In this analysis we also assessed the effect of study design characteristics and
magnetic field strength on diagnostic performance. Articles on the diagnostic
performance of MRI of knee lesions published between 1991 and 2000 were
included if at least 30 patients were studied, arthroscopy was the reference
standard, the magnetic field strength of the MRI unit was reported, positivity
criteria were defined, and the absolute numbers of true-positive, false-negative,
rrue-negative, and false-positive results were available or derivable. Pooled-weighted
and summary receiver operating characteristic (SROC) analyses were performed for
tears of both menisci and both cruciate ligaments separately and for the four lesions
combined, using random effects models. Differences across lesions were assessed, as
was the effect of magnetic field strength and characteristics of study design on
diagnostic performance.

Twenty-nine of 120 retrieved articles were included. Pooled sensitivity was higher
for medial meniscal tears than for lateral meniscal tears. However, pooled specificity
for the medial meniscus was lower than for the lateral meniscus. In SROC analyses
performed per lesion, various study design characteristics were found to influence
diagnostic performance. Higher magnetic field strength significantly improved
discriminatory power only for anterior cruciate ligament tears. When all lesions
were combined in one overall SROC analysis, magnetic field strength was a
significant but modest predictor of diagnostic performance.

We concluded that the diagnostic performance of knee joint MRI was different
across lesions and was influenced by various study design characteristics. Higher
magnetic field strength modestly improved diagnostic performance, but a
substantial effect could only be demonstrated for anterior cruciate ligament tears.
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Development and evaluation of short MRI scanning protocols
In chapter 3 the development of a short MRI scanning protocol to be used in the
RCT assessing the costs and effects of a short MRI examination in partients with
acute peripheral joint injury is described. We compared the short protocol with
standard MRI protocols as currently in use.
Various parameters of sequences frequently used for musculoskeleral MRI were
adapted in order to decrease scanning time while preserving an acceptable
diagnostic quality. The four sequences that appeared most suitable (GE-Tlw,
SE-T1w, Turbo Dual Echo, and STIR) for the intended purpose were compared to
standard MRI examinarion in 80 patients with peripheral joint trauma.
The short MRI protocol as a screening examination for the presence or absence of
pathology had a sensitivity of 0.99 and a specificity of 0.90. Fracture and bone
marrow edema could be demonstrated accurately with a sensitivity of 1.00 and 0.91
respectively and a specificity of 1.00 for both. The sensitivity and specificity for
anterior cruciate ligament rupture was 0.78 and 0.90 respectively. For meniscus
tears the specificity was high (medial 0.95, lateral 0.94), but the sensitivity was
lower (medial 0.73, lateral 0.58).

We concluded that the short MRI protocol couldn't replace the standard
protocol for the comprehensive examination of wrist, knee, and ankle for all
indications, but that it may be suitable as a screening tool in the initial

investigation of patients with peripheral joint trauma.

Prediction rules

In chapter 4, 5, and 6 the value of a short MRI examination in all patients with
acute trauma of wrist, knee or ankle was assessed in a randomized controlled trial
with the purpose of identifying patients who need additional treatment versus
those patients that do not need therapy and may be sent home without follow-up.
Ninety patients with wrist trauma, 208 patients with knee trauma, and 202 patients
with ankle trauma were randomized between radiography and radiography followed
by a short MRI examination on a low field dedicated extremity MRI system. Darta
were collected on sex, age, rrauma mechanism, radiography result, MRI result, and
treatment. For the wrist also tenderness of the anatomical snuffbox was recorded.
Univariable and multivariable logistic regression analysis was used to create four
models for each joint predicting treatment after the initial hospital visit. The MRI
result was analyzed as cither positive or negative compared to 'no MRI information
available' as reference group. Model performance was assessed using Akaike's
Information Criterion and ROC analysis.
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Of the 90 patients with wrist injury three patients were excluded. Thirty-six
fractures were found, of which seven were radiographically occult (four of the distal
radius and three of the scaphoid). Only one patient had a significant soft tissue
lesion consisting of a ruptured tendon. In univariable analysis age (likelihood ratio
p-value 0.07), snuffbox tenderness (p-value 0.08), radiography result (pvalue<0.01),
and MRI result (pvalue 0.06) significantly predicted trearment, using a likelihood
ratio pvalue of 0.1. In the multivariable analysis the contribution of snuffbox
tenderness was not significant (using a pvalue threshold of 0.05). Radiography
result and MRI result both significantly contributed in predicting the need for
treatment. However, only a positive MRI result (compared to no MRI made) had
significant predictive value, whereas a negative result did not.

Of the 208 patients with knee injury 16 were excluded, mainly because on
reassessment not all inclusion criteria were fulfilled. Treatment was required in 111
patients, consisting of arthroscopy or open surgery, immobilizarion and
physiotherapy in 27, 25 and 59 cases respectively. Age 30 years or higher, indirect
trauma mechanism, radiography result and MRI result were significant predictors of
treatment in the univariable analysis (likelihood ratio p~value 0.01, <0.001, 0.02
and <0.001 respectively). In the multivariable analysis MRI contributed significantly
to the prediction model (likelihood ratio test pvalue 0.04), but the models with
MRI did not discriminate better between patients in need of additional treatment
and those not requiring treatment than the model without MRI. The odds ratios of
the MRI result in addition to radiography were nort significant, neither for a
positive nor for a negative result.

Of the 202 patients with ankle injury, five were excluded; 109 of the 197 remaining
patients received additional treatment, consisting of surgery, plaster immobilization,
softcast, tape, or physiotherapy. In univariable analysis age (likelihood ratio test
pvalue 0.08), radiography result (pvalue <0.001) and MRI result (pvalue 0.002)
had a likelihood ratio pwvalue less than 0.1 and were subsequently analyzed in
multivariable regression analyses. In the multivariable analysis, a positive MRI result
significantly improved the prediction of the need for treatment, bur a negative
result did not predicr that treatment was not necessary. The area under the ROC
curve of the model with both radiography and MRI result did not differ
significantly from the model with only radiography, indicating no difference in
discriminatory power.
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We concluded that a short MRI examination on a low field MRI system in the
initial workup of all patients with acute trauma of wrist, knee or ankle has
additional value in predicting the need for treatment in addition to radiography.
However, in wrist and ankle trauma, we could only demonstrate that a positive
MRI result had a significant additional predictive value; in knee trauma, the
addicional value of a positive or a negative result were both not significant.
Therefore, the addition of a short MRI examination to the current workup can not
improve discrimination between patients requiring therapy and those that can be
sent home without treatment. In patients with wrist injury early MRI may be
valuable when performed in patients clinically suspected of a scaphoid fracture but
with normal radiographs, however, the number of patients in this subgroup was too
small for meaningful analysis. In patients with ankle injury MRI in the initial
evaluation may be valuable in a setting where ruptured ankle ligaments are

immediately operated, which is not the case in our hospital.

Analysis of costs and effects

In chapter 7 the costs and effects of the short dedicated extremity MRI
examination implemented in the initial diagnostic evaluation of all patients with
acute injury of wrist, knee or ankle were studied. All costs associated with the initial
injury were analyzed from the societal perspective. Secondary outcome measures
were number of additional diagnostic procedures, time to last diagnostic procedure,
number of days absent from work, time to convalescence, and quality of life,
measured using the EuroQol and SF-36 health survey questionnaires at four points
in time until 6 months after the injury.

For wrist injury, the roral costs were highest in the intervention group ( the group
that underwent the additional short MRI examination). For ankle injury the toral
costs in the intervention group and the reference group were almost equal. The
total costs in the intervention group of knee-injured patients were considerably
lower than in the reference group, which was mainly attributable to friction costs.
However, for all joints the difference in costs between the intervention groups and
the reference groups was not statistically significant. In the intervention group of
knee-injured patients, the number of diagnostic procedures was significantly lower
and time to completion of the diagnostic workup was significantly shorter than in
the reference group. In patients with wrist or ankle injury, non of these measures of
effect differed significantly. Although for all three joints time to convalescence was
lower in the intervention group, the difference with the reference group was not
significant. In wrist and ankle-injured patients the EuroQol tariff measured one
week, 6 weeks, 3 months and 6 months after the initial injury was at no point in
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time significantly different between the intervention group and the reference group.
In knee-injured patients the EuroQol tariff was significantly higher in the
intervention group at one week and ar 6 wecks after the initial trauma. After 3
months this difference was not significant anymore. The eight domain scores of the
SE-36 questionnaire were only in a few occasions significantly different between the
intervention group and the reference group. For the wrist the virality and
role-emotional domains scored higher in the intervention group at 6 weeks. For the
knee, the physical functioning score was higher in the intervention group after one
week. For the ankle, the mental health score was lower for the intervention group
after 6 weeks and after 6 months. We concluded that a short MRI examination in
acute wrist or ankle injury neither saves costs nor does it increase effectiveness. In
knee-injured parients a short MRI examination shortens the time to completion of
the diagnostic workup, reduces the number of diagnostic procedures, improves
quality of life in the first 6 weeks, and the data suggest that it may reduce costs
associated with lost productivity.

In chapter 8 we analyzed if the costeffectiveness of the application of a short MRI
examination can be increased by selecting patients without a fracture on the initial
radiograph. This strategy was modeled from the intervention and the reference
group and therefore the significance of differences could not be tested statistically.
All measures of effect in the modeled group were more favorable than in the
reference group but similar compared to the intervention group. However, the
overall costs were lowest if MRI was performed only in patients who showed no
fracture on the radiograph and highest if radiography was never followed by a short
MRI examination. The results sugeest that selective use of a short MRI examination
following radiography in patients with acute knee injury who have no fracture on
the radiograph saves costs and potentially increases effectiveness.

A value of information analysis is described in chapter 9 and shows that additional
research into the costs of a short MRI examination in knee-injured patients without
a fracture on the initial radiograph is expected to show a further decrease in overall
costs of 83 Euro per patient. Assuming the number of future patients who could
potentially benefit from more research to be 20,000 per year for the Netherlands,
the population EVPI was estimated to be 1.6 million Euro per year. This outcome
warrants further research since the expected benefit of more research exceeds the
expected costs of the research itself. Analysis of partial value of information showed
that additional research should not focus on all variables that influence the overall
costs, but that a better assessment of the time off work after an acute knee injury
would suffice to assess the potential decrease of costs.
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Discussion

We could not demonstrate that a short MRI examination in all patients with acute
knee injury had additional value above the current diagnostic strategy in predicting the
need for treatment after the initial hospital visit. In wrist and ankle injured patients the
short MRI examination increased the predictive value, but this increase could only be
attributed to the contribution of a positive MRI result. A negative MRI resule did not
add significantly in the prediction thar the patient would not need additional
treatment. [ herefore, a short MRI examination is not useful as additional initial
examination to decide which patient with acute joint trauma can be sent home
without need of follow-up and additional treatment. Although we expected that an
abnormal MRI result would add to the prediction of subsequent therapy in knee
injured patients, rather than in wrist and ankle injury, the opposite appeared true. Our
initial expectation was based on the fact that in daily routine MRI plays an important
role in the detection and management of lesions of the knee, more than in wrist and
ankle injury. However, it appeared that only 40 % of the patients with a meniscus
rupture diagnosed by the initial MRI underwent partial meniscectomy within 6
months. Some of the patients that did not undergo arthroscopy despite a positive MRI
examination for meniscus rupture still had complaints at the end of the follow-up
period of 6 months, but others were free of symptoms within a few months. It is likely
that some of the patients with prolonged complaints indeed had a meniscus rupture
and, on the other hand, that some of the patients with complaints of shorr duration
had either a false positive MRI result, or a spontaneously healed meniscus rupture.
This observation implies that the early MRI examination, besides expediting necessary
treatment, increases the risk of unnecessary treatment.

The fact that we could not prove that a short initial MRI examination had additional
value in discriminating between patients that would and would not need additional
treatment did not preclude a potential role of the application of MRIL The analysis of
the costs and effects would likely have benefited from a strong additional value in
discriminating patients, but did not depend on it, because the main potential cost
reduction to society was from a reduction in time to final diagnosis, resulting in earlier
treatment followed by earlier recovery and eatlier resumption of work. However, the
favorable effects of a short initial MRI examination in all patients with wrist and ankle
injury were limited and the overall costs were not reduced. The effects in the subgroup
of patients suspected from a scaphoid fracture were promising, bur could not be
evaluated due to the small number of patients with a scaphoid fracture.

Likewise, both costs and effects in patients with acute knee injury were promising, but
a significant difference in costs could not be proven due to the wide variation in days

off work and therefore in friction costs.
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We demonstrated that the reduction in total costs is likely larger if only patients
without a fracture on the radiograph are selected for MRI examination. One could
argue that, from a societal perspective, it would be preferable to apply the short initial
MRI examination only in patients with acute knee injury who are economially
productive, since the potential cost-reduction is mainly caused by a reduction in lost
productivity. This strategy would almost certainly result in an increase in
cost-effectiveness and a further decrease in total costs to society. However, non-workers
would likely feel discriminated against, since they would not benefit directly. Their
acceptance of such a strategy would likely be low, even though their access to health
care would not decrease and society as a whole would benefit by lower costs.

The mean total costs in the model for the value of information (VOI) analysis differ
from these values in the RCT. The reason is that in the model for the VOI analysis we
assumed the friction costs per day to be equal for all randomized subjects, whereas in
the RCT we were bound to the data as obtained. In the RCT differences in friction
costs between the groups were influenced by differences in age and sex distribution
between the groups, since friction costs were calculated using estimared age and sex
specific friction costs per day. In the VOI-model we assumed that differences in age and
sex distribution between strategies could be attributed to chance only and therefore we
calculated mean friction costs per day over all randomized subjects.

From a decision-analytic point of view the results of the study would lead to the
conclusion that a short MRI examination should be performed in all patients with an
acute knee injury, who show no fracture on the radiograph. The fact that the advantage
of this strategy has not been shown with statistical significance does not preclude this
conclusion, since it is the best available evidence. Because the advantage of the new
strategy is mainly an expected cost reduction on the societal level and not on the
hospital or the third party payers level, the decision to implement the strategy should
be taken at the government level and should be accompanied by some form of
reimbursement. Since decision-makers are generally risk aversive, the question arises if
the uncertainty about the results should be decreased by additional research and to
what extent the additional research is expected to affect the outcome. In a value of
information analysis, we demonstrated that further research into the cost of a short
MRI examination in patients with acute knee injury is justified and is expected to
exceed the costs of the research. Additional research may be limited to an RCT,
assessing the number of days off work for the different strategies.
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Samenvatting

Bij acuut letsel van pols, knie of enkel bestaat het eerste medische onderzoek
doorgaans uit anamnese en lichamelijk onderzoek, vaak aangevuld met een
rontgenfoto.  Frakturen kunnen met deze strategie meestal goed worden
aangetoond, maar de aanwezigheid en de uitgebreidheid van weke delen letsel, zoals
een gescheurd ligament of een meniscusscheur, zijn over het algemeen niet
makkelijk aan te tonen. Dit wordt mede veroorzaake doordat in de acute fase het
gewricht pijnlijk is en daardoor vaak minder goed te onderzoeken. MRI zou hier
een potentiéle rol kunnen vervullen omdat met MRI veel weke delen letsels goed te
visualiseren zijn. Een belangrijke reden waarom MRI tot nu toe tochvrijwel niet
toegepast wordt bij het eerste onderzoek van acuut gewrichtsletsel, is gelegen in de
hoge kosten en de lange onderzoeksduur van MRI. Daarnaast is nog niet geheel
duidelijk in hoeverre de informatie die verkregen zou worden, als MRI in her acute
stadium zou worden toegepast, invloed heeft op behandeling en uiteindelijke
uitkomst voor de patiént.

De ontwikkeling van steeds betere en relatief goedkope laagveld dedicated MRI
scanners in het afgelopen decennium heeft er toe geleid dar MRI nu mogelijk wel
kosteneffectief toegepast kan worden

In dit proefschrift wordt onderzocht wat de invloed is van de toepassing van een
kort MRI onderzoek met een laagveld MRI scanner (veldsterkte 0,2 Tesla) bij het
eerste onderzoek van patiénten met een acuut letsel van pols, knie of enkel.

In hoofdstuk 2 wordt in een meta-analyse van 29 artikelen, die de diagnostische
performance van MRI van knieletsels beschrijven, de samengestelde gewogen
sensitiviteit en specificiteit van MRI voor mediale en laterale meniscusrupturen en
voorste en achterste kruisbandrupturen onderzocht. In een 'summary receiver
operating characteristic'’ (SROC) analyse wordt de invloed van diverse studie
karakteristicken op de diagnostische performance geanalyseerd. In de analyse wordt
gebruik gemaakt van ‘random effects modellen'. De samengestelde sensitiviteit blijke
voor de mediale meniscusscheuren hoger dan voor laterale meniscusscheuren,
terwijl de samengestelde specificiteit voor laterale meniscusscheuren hoger is dan
voor mediale meniscusscheuren. Uit de SROC analyse blijkt dat hogere veldsterkte
de diagnostische performance alleen voor voorste kruisbandrupturen significant
verbetert. Wanneer alle laesies bij elkaar genomen worden in een 'overall SROC
analyse' blijkt dat hogere veldsterkte een beperkte, maar significante verberering van
diagnostische performance laat zien.
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In hoofdstuk 3 wordt de ontwikkeling en evaluatie van een korte MRI protocollen
voor onderzoek van pols, knie en enkel beschreven. Het doel van deze korte MR
protocollen is het verkorten van de onderzoekstijd en daarmee tevens het beperken
van de kosten. Diverse parameters van sequenties die geschikt zijn voor
muskuloskeletale  MRI  gebruikt  werden hiervoor aangepast. Dit  leidde
onvermijdelijk tot enige achteruitgang in kwaliteit van de afbeeldingen. De
parameters  werden dusdanig aangepast dat subjectief nog een acceptabele
afbeeldingkwaliteit werd verkregen. Een protocol van vier verkorte sequenties
(Tl-gewogen spin echo, Tl-gewogen gradiént echo, turbo dual echo en STIR) werd
vergeleken met een standaard protocol dat gebruikelijk is voor muskuloskeletale
MRI, om een indruk te krijgen in hoeverre het aanpassen van het protocol van
invloed was op de diagnostische performance. Vergeleken met het standaard
protocol had het korte protocol een sensitiviteit van 0,99 en een specificiteit van
0,91 voor het aantonen van de aan- of afwezigheid van pathologie. Voor frakturen
en beenmergoedeem werd een sensitiviteit van 1,00 respectievelijk 0,91 en een
specificiteit van 1,00 verkregen. De sensitiviteit en specificiteit voor voorste
kruisbandruptuur was 0,78 respectievelijk 0.90. Voor meniscusscheuren werd een
hoge specificiteit verkregen (mediaal 0,95, lateraal 0,94), maar een lagere
sensitiviteit (mediaal 0,73, lateraal 0,58). We concludeerden dar de korte MRI
protocollen de standaard protocollen niet konden vervangen voor iedere indicatie.
De kort protocollen hebben mogelijk wel een meerwaarde, indien gebruikt als
eerste onderzoeksmodaliteit bij de evaluatie van acuut perifeer gewrichtsletsel.

Predictieregels

In hoofdstuk 4, 5 en 6 wordt de waarde van een kort MRI onderzoek bij alle
patiénten met een acuut letsel van pols, knie of enkel onderzocht in een
gerandomiseerd gecontroleerde studie, met als doel een onderscheid te kunnen
maken tussen patiénten die aanvullende behandeling nodig hebben na hun eerste
bezoek aan het ziekenhuis versus patiénten die geen aanvullende behandeling nodig
hebben en dus ook geen polikliniekafspraak ter controle hoeven te krijgen.
Negentig patiénten met polsletsel, 208 patiénten mer knieletsel en 202 patiénten
met enkelletsel  werden gerandomiseerd tussen rontgenonderzoek en
rontgenonderzoek  gevolgd door een kort MRI onderzoek met een  laagveld
'dedicated extremity’ MRI systeem. Gegevens betreffende geslacht, leeftijd, trauma
mechanisme, rontgenuitslag, MRI uitslag en behandeling werden verzameld. Voor
de pols werd ook de aanwezigheid van drukpijn in het tabatiére anatomique

genoteerd.
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Met behulp van univariabele en multivariabele logistische regressie analyse werden
voor ieder gewricht vier modellen gecreéerd voor de predictie van behandeling na
het eerste ziekenhuisbezoek. De performance van de modellen werd beoordeeld
mert Akaike's Information Criterium en ROC analyse.

Van de 90 patiénten met een polsletsel werden er drie geéxcludeerd. Zesendertig
patiénten hadden een fraktuur, waarvan zeven alleen met MRI zichtbaar. Slechts
één patiént had een significant weke delen letsel, te weten een peesruptuur. In
univariabele logistische regressie analyse werden leeftijd, drukpijn in het tabatié¢re
anatomique, rontgen uitslag en MRI uitslag geselecteerd voor multivariabele
analyse. In de multivariabele logistische regressie analyse bleek de bijdrage van
drukpijn in het tabatiére anatomique niet significant bijdragend. Réntgen uitslag
en MRI uitslag droegen beiden significant bij in de predictie van behandeling.
Echter, als het ontbreken van MRI informatie als referentie werd beschouwd (de
huidige situatie), was alleen de bijdrage van een positieve MRI uitslag significant
bijdragend, terwijl een negatieve MRI uitslag geen aanvullende predictieve waarde

had.

Van de 208 patiénten met knieletsel werden 16 geéxcludeerd, voornamelijk omdat
na inclusie bleek dar niet aan alle inclusievoorwaarden was voldaan. In univariabele
logistische regressie analyse werden leeftijd, trauma mechanisme, rontgen uitslag en
MRI uitslag geselecteerd voor nadere multivariabele analyse. Al deze variabelen
droegen ook significant bij in multivariabele regressie analyse aan de predictie van
behandeling. Echter, als een negatieve of een positieve MRI uitslag werd
geanalyseerd met als referentie het ontbreken van MRI informatie, was de
aanvullende waarde van ieder van deze uitslagen niert significant.

Van de 202 patiénten met enkelletsel werden vijf geéxcludeerd. In univariabele
logistische regressie analyse werden leeftijd, rontgen uitslag en MRI uitslag
geselecteerd voor nadere multivariabele analyse. Alle variabelen droegen ook
significant bij in de multivariabele analyse, maar vergeleken met het ontbreken van
MRI informatie droeg alleen een positieve MRI uitslag significant bij aan de
predictie van behandeling, terwijl een negatieve uitslag niet bijdroeg.

Voor alle gewrichten verschilde het oppervlak onder de ROC curve van het model
zonder MRI niet significant van de oppervlakten onder de ROC curve van de
modellen met MRI, hetgeen impliceert dat er geen significant verschil in
discriminerend vermogen tussen de modellen aangetoond kon worden.
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We concludeerden dat een kort MRI onderzock met een langveld 'dedicared
extremity’ MRI systeem bij het eerste onderzoek van patiénten met acuut letsel van
pols, knie of enkel aanvullende waarde heeft voor de predictie van behandeling na
het eerste zickenhuisbezoek. Echter, bij pols- en enkelletsel kon, indien vergeleken
werd met het ontbreken van MRI informatie, alleen voor een positief MRI resultaat
een significant aanvullende waarde worden aangeroond. Bij knieletsel was de
bijdrage van zowel een positieve als een negatieve MRI uitslag, met als referentie het
ontbreken van MRI informarie, niet signiticant bijdragend. De toevoeging van een
kort MRI onderzoek aan de huidige diagnostische strategie verbetert dus niet het
vermogen onderscheid te maken tussen patiénten die aanvullende behandeling
nodig hebben en patiénten die naar huis gestuurd kunnen worden, zonder
noodzaak van aanvullende controle.

Bij patiénten die verdacht worden van een scaphoid fractuur terwijl de réntgenfoto
geen fraktuur laat zien is het korte MRI onderzoek mogelijk waardevol, echter de
aantallen waren te klein voor analyse van deze subgroep. Bij patiénten met
enkelletsel kan een kort MRI onderzock waardevol zijn in een setting waarbij de
behandeling van gescheurde enkellignmenten in eerste instantic operatief is. Dit is
in Nederland echter niet gebruikelijk, zodat dit niet geanalyseerd kon worden.

Analyse van kosten en effekten.

Hoofdstuk 7 beschrijft een analyse van de kosten en effectiviteit van een kort MRI
onderzoek als initieel diagnostische modaliteit bij akuut letsel van pols, knie en
enkel. Alle kosten, geassocieerd met het letsel werden geanalyseerd vanuic
maatschappelijk perspektief. Secundaire uitkomstmaten waren aantal aanvullend
diagnostische procedures, tijd tor laatste diagnostische procedure, aantal dagen
werkverzuim, tijd tot herstel en kwaliteit van leven. Kwaliteit van leven werd
gemeten met de EuroQol en SF-36 op vier momenten gedurende een follow-up
periode van zes maanden.

Bij polsletsel waren de torale kosten het hoogst in de groep die een kort MRI
onderzoek had ondergaan (gemiddelde kosten 1106 Euro versus 905 Euro in de
groep die geen MRI had ondergaan). Bij enkelletsel waren de totale kosten vrijwel
gelijk in de groep die een kort MRI onderzoek had ondergaan en de groep die
alleen ronteenonderzoek had ondergaan (gemiddelde kosten 1675 Euro versus
1660 Euro). De totale kosten van patiénten met een knieletsel waren aanzienlijk
lager in de groep die een kort MRI onderzoek had ondergaan dan in de groep die
geen kort MRI onderzoek had ondergaan (gemiddelde kosten 1820 Euro versus
2231 Euro).
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Dit verschil in totale kosten werd vrijwel geheel veroorzaakt door een verschil in
frictickosten (maatschappelijke kosten veroorzaakt door produktiviteitverlies). Voor
alle drie de gewrichten waren de gevonden verschillen in kosten echter niet
significant. Bij patiénten met een knieletsel was in de groep die een kort MRI
onderzoek had ondergaan de kwaliteit van leven, gemeten met de EuroQol,
vedurende de eerste 6 weken significant beter, de tijdsduur tot het laatste
diagnostische onderzoek significant korter en het aantal diagnostische onderzoeken
significant minder vergeleken met de groep die geen kort MRI onderzoek had
ondergaan. De duur van het werkverzuim en van de tijd tot herstel verschilden niet
significant.  Bij patiénten met pols- of knielersel werd in geen van deze
effectiviteitsmaten een significant verschil gevonden tussen de groep die wel en de
groep die geen kort MRI onderzoek had ondergaan.

Concluderend vonden we bij patiénten met een pols- of enkelletsel geen
significante reductie in kosten noch een toename in effectiviteit indien een kort
MRI onderzoek werd verricht. Bij patiénten met een knieletsel leidde het korte
MRI onderzoek tor een verkorting van tijd tot het laatste diagnostische onderzoek,
een vermindering van het aantal diagnostische procedures en een verbetering van
de kwaliteit van leven in de eerste zes weken. Verder geven de data een indicatie dat
bij patiénten met een knieletsel het korte MRI onderzoek mogelijk leidt tot een
reductie van kosten veroorzaakt door een vermindering van productiviteitverlies.

In hoofdstuk 8 wordt onderzocht of de kosteneffectiviteit van een kort MRI
onderzoek bij patiénten met een acuut knieletsel kan worden verhoogd door
selectieve toepassing bij patiénten die geen zichtbare fraktuur op de rontgenfoto
hebben. Deze strategie werd geanalyseerd met een modelmatige benadering en
derhalve konden verschillen niet statistisch getest worden. De patiéntengroep voor
deze strategie werd gemodelleerd uit de twee gerandomiseerde groepen. Alle
effectiviteitmaten, zoals ook gebruikt in hoofdstuk 7, waren gunstiger in de
gemodelleerde groep vergeleken met de groep die alleen rontgenonderzoek had
ondergaan en vrijwel gelijk aan de groep waarbij alle patiénten MRI onderzoek
hadden ondergaan. De totale kosten waren echter het laagst indien het korte MRI
onderzoek alleen werd verricht bij patiénten die op de rontgenfoto geen zichtbare
fraktuur hadden. De torale kosten waren het hoogst in de groep patiénten die geen
kort MRI onderzoek had ondergaan. De resultaten suggereren dat selectieve
toepassing van een kort MRI onderzoek voor patiénten met een knieletsel, waarbij
op de rontgenfoto geen fraktuur zichtbaar is, een verdere toename van de
kostenbesparing geeft vergeleken met MRI bij alle patiénten met knie letsel.
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Een 'value of information' analyse wordt heschreven in hoofdstuk 9 en toont aan
dat aanvullend onderzoek naar de kosten van een kort MRI onderzoek bij patiénten
met knieletsel, waarbij op de rontgenfoto geen fraktuur zichtbaar is, een verwachtte
verdere vermindering van de totale kosten met 83 Euro zal laten zien. Indien het
aantal patiénten in Nederland dat in de roekomst baar zal hebben van aanvullend
onderzoek geschat wordt op 20.000 per jaar is de geschatte verwachtte waarde van
perfecte informatie (Expected Value of Perfect Information - EVPI) 1,6 miljoen
Euro per jaar. Deze uitkomst rechtvaardigt verder onderzoek aangezien de
verwachtte opbrengst van meer onderzoek groter is dan de verwachtte kosten van
verder onderzoek. Een 'partial value of information analyse' laar zien dat het niet
noodzakelijk is alle variabelen die de totale kosten beinvloeden nauwkeuriger te
bepalen, maar dat een nauwkeurigere bepaling van het werkverzuim, veroorzaakt
door het knieletsel, voldoende zal zijn om de potentiéle kostenvermindering te

analyseren.

Discussie

We hebben niet kunnen aantonen dat een kort MRI onderzoek bij alle patiénten
met acuut knieletsel aanvullende waarde heeft boven de huidige strategie voor de
predictie van behandeling na het eerste ziekenhuisbezoek. Bij patiénten met pols-
en enkelletsel verhoogde het korte MRI onderzoek de predictieve waarde, maar
deze toename in voorspellend vermogen werd alleen veroorzaakt door de bijdrage
van een positieve MRI uitslag. Een negatieve MRI uitslag droeg niet significant bij
aan de voorspelling dat de patiént geen aanvullende behandeling nodig heeft. Het
korte MRI onderzoek is dus niet nuttig om te differentiéren welke patiént naar huis
gestuurd kan worden zonder noodzaak tot verder onderzoek of behandeling. Onze
verwachting was dat de voorspellende waarde van een afwijkende MRI uitslag, met
betrekking tot behandeling na het eerste ziekenhuisbezoek, groter zou zijn voor
knieletsel dan voor pols- of enkelletsel. Her tegenovergestelde bleek echter waar.
Onze initiéle verwachting was gebaseerd op het feit dat MRI in de dagelijkse
praktijk bij knieletsel een belangrijke rol speelt, meer dan bij pols- of enkelletsel.
Het bleek echter dat slechts 40% van de patiénten, bij wie het korte MRI
onderzoek een meniscusruptuur liet zien, een partiele meniscectomie onderging in
de erop volgende zes maanden. Sommige van deze patiénten hadden na zes
maanden nog steeds klachten, maar anderen waren in enkele maanden klachtenvrij.
Het is aannemelijk dat sommige van de patiénten met langdurige klachten
inderdaad een meniscusruptuur hadden en dat sommige van de patiénten met
kortdurende klachten een vals-positieve MRI uitslag hadden, dan wel een spontaan

herstel van de meniscusruptuur.
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Deze observatie impliceert dat het korte MRI onderzoek, naast her potentieel
versnellen van noodzakelijke behandeling, het risico vergroot van onnodige
behandeling.

Het feir dat we geen aanvullende waarde van het korte MRI onderzoek konden
aantonen voor het differentiéren tussen patiénten die wel en die geen aanvullende
behandeling nodig hebben sloot een potentiéle rol voor de toepassing van MRI niet
uit. De uitkomst van de kosten en effectiviteit analyse zou waarschijnlijk wel in
positieve zin zijn beinvloed als het korte MRI onderzoek een duidelijke aanvullende
predictieve waarde zou hebben, maar noodzakelijk was dit niet, omdat de
belangrijkste potentiéle kostenreductie verwacht werd van een reductie in tijd tot
diagnose, resulterend in een eerdere behandeling, gevolgd door een sneller herstel
en een snellere hervatting van werk. De gunstige effekten van een kort MRI
onderzoek bij alle patiénten met pols- en enkelletsel bleken echrer beperkt en de totale
kosten werden niet gereduceerd. De effekten in de subgroep van patiénten die verdacht
werden van een scaphoidfraktuur waren veelbelovend, maar konden niet statistisch
geanalyseerd worden omdat hun aantal te klein was. Bij patiénten met een acuut
knieletsel werd een gunstige invloed gezien op zowel de kosten als de effecten, maar de
kostenvermindering kon niet statistisch significant worden aangetoond, doordar er een
grote variatie bestond in het werkverzuim en dientengevolge in frictiekosten.

We toonden aan dat de reductie in totale kosten waarschijnlijk nog sterker uitvalt als
het korte MRI onderzoek alleen toegepast wordt bij patiénten die op de rontgenforo
geen zichtbare fraktuur hebben. Men zou kunnen stellen dar het vanuit
maatschappelijk perspektief wenselijk is een kort MRI onderzoek alleen toe te passen
bij patiénten die economisch productief zijn, aangezien de potentiéle kostenreductie
voornamelijk veroorzaakt worde door een reductie van productiviteitsverlies. Een
dergelijke strategie zou vrijwel zeker een verdere stijging van de kosteneffectiviteit tot
gevolg hebben door een verdere daling van kosten voor de maatschappij. Het is echter
zeer aannemelijk dat nietwerkenden zich door deze strategie gediscrimineerd zullen
voelen, aangezien zij hooguit indirekt van de strategie kunnen profiteren. Hun
acceptatic van deze strategie zal waarschijnlijk gering zijn, ondanks dat de
toegankelijkheid van de gezondheidszorg voor hun niet zou afnemen en de totale
kosten voor de maatschappij zouden verminderen.

De gemiddelde kosten in het model voor de value of information (VOI) analyse
verschilde van de gemiddelde kosten in de gerandomiseerde studie. De oorzaak is dat
we bij het model voor de VOI analyse aannamen dat de frictickosten per dag hetzelfde
waren voor alle gerandomiseerde deelnemers, terwijl we in de gerandomiseerde studie

gebonden waren aan de gegevens zoals zij zich presenteerden.
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In de gerandomiseerde studie werden verschillen in frictiekosten tussen de groepen
beinvloed door verschillen in de leeftijd-en geslachtdistributie tussen de groepen,
aangezien frictickosten werden berekend met behulp van leeftijds-en
geslachsathankelijke frictickosten per dag. In het VOI model namen we aan dat
verschillen in leeftijd-en geslachtdistributie tussen de strategieén uitsluitend door toeval
werden veroorzaakt en gebruikten we gemiddelde frictieckosten per dag voor alle
gerandomiseerde patiénten.

Vanuit een besliskundig standpunt gezien leiden de resultaten van de studie tot de
conclusie dat een kort MRI onderzoek verricht moet worden bij patiénten met een
acuut knieletsel, waarbij op de réontgenfoto geen fraktuur zichtbaar is. Het feit dat het
voordeel van deze strategie niet statistisch significant bewezen is, is vanuit besliskundig
gezichtspunt niet van belang; de beslissing wordr gemaakt op basis van de best
beschikbare gegevens. Aangezien het voordeel van de nieuwe strategie voornamelijk
een verwachtte kostenreductie vanuit maatschappelijk perspektief is, en niet vanuit
het perspektief van ziekenhuis of ziektekostenverzekeraar, zou de beslissing tot
implementatie van de strategie genomen moeten worden op overheidsniveau en
moeten samengaan met een vorm van vergoeding. Aangezien beleidsmakers in het
algemeen risicomijdend zijn, komt de vraag op of de onzekerheid betreffende de
resultaten verminderd zou moeten worden door aanvullend onderzoek en wat de
verwachting is van de grootte van de verdere kostenreductie. In een VOI analyse
toonden we aan dat verder onderzoek naar de kosten van een kort MRI onderzoek
bij patiénten met een acuut knieletsel gerechtvaardigd is en dat de verwachtte
verdere kostenreductie opweegt tegen de kosten van het aanvullende onderzoek.
Aanvullend onderzoek kan beperkt blijven tot een gerandomiseerde studie, waarbij

alleen het ziekteverzuim per strategie nader wordt onderzocht.
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zo ook bij dit proefschrift.

182



Dankwoord

Dank voor je grote inzet, met name voor de lay-out en voor de prachtige uitwerking
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