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Abstract

Background: CT is often used for fracture evaluation following knee trauma and to diagnose ACL injuries would also be
valuable.

Purpose: To investigate the diagnostic accuracy of dual energy CT (DECT) for detection of ACL tears in acute and
subacute knee injuries.

Material and Methods: Patients with suspected ACL injury were imaged with DECT and MRI. Clinically blinded DECT
images were independently read twice by two radiologists. ACL was classified as normal or abnormal. Arthroscopy served
as reference method. Sensitivity and positive predictive value (PPV) were calculated, and diagnostic performance between
DECT and MRI was assessed.

Results: 48 patients (26 M, 22 F, mean age 23 years, range 15–37 years) were imaged with a mean of 25 days following
trauma. Of these, 21 patients underwent arthroscopy with a mean of 195 days after trauma. Arthroscopy revealed 19 ACL
tears and 2 ACLs with no tear. The combined sensitivity was 76.3% (95% CI 66.8–85.9) and 86.8 (95% CI 71.9–95.6) for
DECT and MRI, respectively. There was no statistically significant difference between these two methods (p = .223). The
positive predictive value (PPV) was 93.5 (95% CI 84.3–98.2) and 91.7 (95% CI 77.5–98.3) for DECT and MRI, respectively.

Conclusion: DECT has lower sensitivity to detect an ACL rupture than MRI, but the difference is not statistically
significant. The PPV is high in both methods.
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Introduction

Anterior cruciate ligament (ACL) injuries are common1 and
can have major consequences for the individual such as
impeding return to sports2 and eventually increasing the risk
of osteoarthritis.2,3 Arthroscopy is the traditional diagnostic
method used to identify ACL injuries, and it still remains the
reference standard.4,5 However, it is an invasive examina-
tion with known adverse effects.6 MRI is the imaging
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Linköping, Sweden
5Department of Clinical Science, Intervention, and Technology, Division
for Radiology, Karolinska Institute, Stockholm, Sweden

Corresponding author:
Seppo K. Koskinen, Department of Clinical Science, Intervention, and
Technology, Division for Radiology, Karolinska Institute, Stockholm,
Sweden and Center for Medical Image Science and Visualization (CMIV),
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method of choice for diagnosing ACL injuries, with pooled
sensitivity/specificity of 87%/93% for ACLwhen compared
to arthroscopy.4 CT, on the other hand, is often used in the
emergency department for fracture detection7 as well as for
preoperative evaluation following knee trauma. In this situa-
tion, being able to provide a soft tissue evaluation would be
valuable. A previous study using a multi detector computer
tomography (MDCT) found that it can detect an intact ACL
and posterior cruciate ligament (PCL)with good specificity but
that the assessment of torn ligaments was unreliable.8 A more
recentMDCTstudy found a sensitivity and specificity of 87.5–
100% and 100% respectively for ACL injury when performed
in the non-acute phase.9 Dual energy CT (DECT) studies on
detection of ACL injury are few, done retrospectively, often
with MRI as the reference method, and with a limited number
of patients (18–27 patients, 6–16 ACL ruptures).10,11 The
reported sensitivity and specificity for ACL injury range be-
tween 78 and 86% and 88 and 100%, respectively. The main
objective of this study was to prospectively evaluate the
sensitivity of DECT in detecting acute and subacute injuries to
the ACL with arthroscopy as reference method.

Material and methods

The material used in the present study was also used in a
previous study12 but the data onACL injury detection has not
been published before. In short, this study is part of the
prospective NACOX study with the overall aim to evaluate
the natural corollaries and recovery after an ACL injury.13

Ethical approval from the regional ethical review board
(2016/44-31, 2017/221-32 and 2021-00197) and radiation
protection committee was obtained. Written informed con-
sent was obtained from all individual participants included in
the study. STARD guidelines were followed.14

Patient selection

The inclusion and exclusion criteria were described in the
NACOX study protocol.13 Briefly, eligibility criteria for the
NACOX study were having an ACL injury sustained no
more than 6 weeks prior to clinical examination at the
orthopedic clinic, being aged 15–40 years at the time of
injury, no previous ACL injury/ACL reconstruction on the
same knee, no serious concomitant knee injury (e.g., pos-
terior cruciate ligament rupture or a fracture that requires
separate treatment) and no other illness or injury that im-
pairs function.

Patients were referred from physiotherapists or the
emergency department at the hospital for suspected ACL
injury. Clinical examination was performed by an orthopedic
surgeon. When suspecting a possible ACL injury, MRI and
DECT were performed. All NACOX eligible patients that
underwentMRI andDECT from 1October 2017 to 20March
2018 were included in the analysis. Of the intended sample

size of 50 patients,15 we were able to include 48 consecutive
patients for imaging. Of these, 21 patients underwent ar-
throscopy and were used in the final analysis. A flowchart
depicting patient inclusion is shown in Figure 1.

DECT protocol and image post-processing

Patients were scanned bilaterally on a dual source CTscanner
(Somatom Definition Force, Siemens Healthcare, Germany).
X-ray tubes were set at 80 kVand 150 kV, the latter with a tin
filter. The quality reference mAs was 125 mAs with the
automatic exposure control turned on (Care Dose). The
detector collimation was 128 × 0.6 mm, the gantry rotation
0.5 s, and the pitch 0.7. No contrast agent was used.

Image analysis was done in the Dual Energy CTworkflow
with the Monoenergetic+ application using a commercial
workstation (Syngo.via VB10B_HF05 and VB20A_HF4,
Siemens Healthcare, Germany). Radiologists could choose
which keV would be simulated from the two datasets ob-
tained as well as freely adjust window settings and do re-
constructions in any desired plane.

MRI protocol

MRI images were acquired bilaterally using a 3.0 T scanner
(Ingenia, Philips Medical Systems, Best, The Netherlands) with
a 16-channel knee-coil. The protocol was the clinical protocol
used at the hospital with an additional 3D sequence (Table 1).

MRI images were analyzed using the hospital’s research
PACS (Sectra Workstation, IDS7 19.1, Sectra AB, Link-
öping, Sweden).

Image analysis

As DECT is relatively new method to assess the cruciate
ligaments, we assessed intra-and interobserver agreement.
Therefore, the blinded DECT data of all knees (n = 96) was
reviewed twice in a randomized fashion with at least 13 days
interval (median 65 days) by a radiology resident with
3 years of experience in radiology (AB), and by an expe-
rienced radiologist with more than 7 years of experience in
musculoskeletal radiology (ML). The same Readers ana-
lyzed separately the blinded, randomized MRI data. No
clinical data were available during the image analysis. For
both DECT and MRI analysis, both knees of each patient
were presented together. Two patients had injured their
contralateral knee 3 and 5 months earlier and both knees
were included. Readers were unaware of which knee had
been injured. The presence of ACL injury was noted for
each knee separately. ACL was considered normal when
fibers could be seen as continuous structures with no signs
of discontinuous segments and abnormal when there was
discontinuous/complete separation of fibers or avulsion. If
the Reader was not confident or consider the ligament
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unevaluable, it was considered abnormal in the analyses.
For the inter- and intraobserver agreement, only data of the
injured knee (n = 50) were used. Also, consensus MR
reading was performed.12

Radiation dose

The CTDIvol as well as the dose-length product were recorded.
The effective dose was calculated as described earlier.16

Statistical analysis

The diagnostic performance of DECT and MRI was as-
sessed using arthroscopy data as reference standard. Dif-
ference between DECT and MRI was evaluated with
Fisher’s exact test. The inter- and intraobserver agreement
for ACL injury were determined using the Cohen’s kappa
(κ). κ-values were considered as follows: 0.01–0.20 slight
agreement, 0.21–0.40 fair agreement, 0.41–0.60 moderate

Figure 1. Flowchart depicting patient inclusion as well as reasons for exclusion. Patients with low clinical probability of ACL injury first
went through an MRI examination containing only clinical sequences which were interpreted by an external radiologist. Three out of
these patients were determined to have an ACL injury and a complete MRI protocol, containing also experimental sequences (intended
for other studies), was performed along with DECT. Patients with high clinical suspicion of ACL injury performed the complete MRI
protocol and DECT directly. Of these 48 patients, 21 had arthroscopy data and were included in the final study group.

Table 1. MRI protocol.

Parameter Sagittal PD Axial PD Fat Sat Sagittal PD FatSat Coronal PD FatSat 3D PD FatSat

EchoTime, TE (ms) 20 35 30 30 185
Repetition Time, TR (ms) 1800 3981 3400 3572 1300
Echo Train Length, ETL 10 15 15 16 63
Matrix size 516 × 384 332 × 330 468 × 399 516 × 332 228 × 226
Field of View (cm) 160 × 145 140 × 140 160 × 145 160 × 140 144 × 162
Slice Thickness/space (mm) 3/0.3 3/0.3 3/0.3 3/0.3 0.63/-
Scan Time (min) 02:58 04:15 03:56 03:56 06:31
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agreement, 0.61–0.80 substantial agreement, and 0.80–0.99
almost perfect agreement.17

Statistical analyses were done using a commercial soft-
ware package SAS/STAT v.9.4 (SAS Institute Inc., Cary, NC,
USA).

Results

Patients

Twenty-six males and 22 females were recruited with a
mean age of 23 years (range 15–37 years). The mean
interval between injury and DECT was 25 days (range
4–55 days), and MRI was performed the same day (n = 42)
or within 7 days (n = 6). None of the imaging studies were
excluded because of poor technical quality.

Of these 48 patients, 33 patients had partial or complete
rupture of the ACL on MR-consensus reading. Arthroscopy
data were available for 21 patients (13 males with mean age
22 years, range 16–37, eight females with mean age
22 years, range 15–36). The indication for arthroscopy was
knee instability (n = 19), meniscal tear (n = 1), and limited
knee joint range of motion (n = 1). The mean interval
between injury and DECT/MRI/arthroscopy was 30/31/
195 days (range 7–55/15-55/47–349 days), respectively.
The respective median time was 26/26/168 days.

ACL injury

Out of 21 patients, 19 had partial or complete rupture of the
ACL and two intact ACL on arthroscopy. The combined
sensitivity was 76.3% (95% CI 66.8–85.9) and 86.8 (95%
CI 71.9–95.6) for DECT and MRI, respectively. There was
no statistically significant difference between these two
methods (p = .223). The corresponding positive predictive
values for DECT and MRI were 93.6% (95% CI 84.3–98.2)
and 91.67 (77.5–98.2) (n.s.), respectively. Due to low number
of negative cases (n = 2), the specificity and negative pre-
dictive values were not calculated. The results for separate
reading are presented in Table 2, and an example of a true and
false positive is shown in Figures 2 and 3.

For DECT, the intraobserver agreement was moderate (κ
0.41; 95% CI 0.17–0.65) for Reader 1 and substantial (κ
0.70; 95% CI 0.48–0.91) for Reader 2. Interobserver
agreement was fair (κ 0.39; 95% CI 0.20–0.59). For MRI,
the interobserver agreement was almost perfect (κ 0.87;
95% CI 0.74–1.00)

Radiation

The mean CTDIvol was 4.0 mGy. The mean dose-length
product (DLP) was 87.8 mGycm. Using the factor k=0.0004
as described earlier16 the mean effective dose was 0.04 mSv
(range 0.030–0.045 mSv, SD 0.003 mSv).

Discussion

In this prospective study we wanted to investigate the di-
agnostic accuracy of DECT for detection of ACL tears in the
acute and subacute knee injuries with arthroscopy as the
reference standard. The combined sensitivity and positive
predictive value for DECT were 76.3% and 93.6%, re-
spectively. In contrast, the corresponding values for MRI
were 86.8% and 91.7%. This difference was not, however,
statistically significant.

Previous studies on MDCT or DECT in assessing ACL
have mainly had MRI as the reference standard. For ex-
ample, in a study using a four-slice MDCT the sensitivity
was 58% for detection of ACL injury8 while a more recent
study using a 64 slice MDCT found a sensitivity of 87.5–
100%.9 DECTstudies have found sensitivity levels between
78 and 86%.10,11 A case–control study of 16 ACL rupture
patients, with MRI, arthroscopy (n = 14) and clinical data as
the reference standard, demonstrated DECT to have good
sensitivity (50–100%) and interobserver agreement for the
detection of complete ACL tears.11 However, the mean time
interval between MRI and DECT was 39 days and mean
time from injury to DECTwas 59 days, that is, almost twice
as long as in our study. The lower sensitivity of the four-
slice MDCT study8 is probably mostly attributable to
technical limitations of the CT at the time compared to more

Table 2. The sensitivity and positive predictive value (PPV) of DECT and MRI in detecting an ACL tear.

Sensitivity PPV

DECT combined 76.30 (66.76–85.87) 93.55 (84.30–98.21)
MRI combined 86.84 (71.91–95.59) 91.67 (77.53–98.25)
DECT R1, first reading 57.89 (33.50–79.75) 91.67 (61.52–99.79)
DECT R1, second reading 78.95 (54.43–93.95) 93.75 (69.77–99.84)
DECT R2, first reading 84.21 (60.42–96.62) 94.12 (71.31–99.85)
DECT R2, second reading 84.21 (60.42–96.62) 94.12 (71.31–99.85)
MRI R1 89.47 (66.86–98.70) 89.47 (66.86–98.70)
MRI R2 84.21 (60.42–96.62) 94.12 (71.31–99.85)

R1: Reader 1, R2: Reader 2.
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recent studies with higher resolution.9–11 Our results are in
keeping with the more recent results except for the recent
MDCT study demonstrating a higher sensitivity.9 This
might be attributable to the time delay from referral to
imaging which was 132 days,9 hence representing a chronic
phase compared to the mean 31 days from trauma to im-
aging in our study. After a traumatic injury, there are often
joint effusion and edematous changes in the joint which can
interfere with the evaluation of ACL integrity. This might
also, at least partly, explain the difference in our result
compared to those reported previously.11 In a healthy knee,
the ACL is usually well delineated and surrounded by fat
increasing the confidence of excluding a torn ACL.

We did not use the material decomposition technique for
tendon specific color display available in the workstation
since studies have shown it to be inferior to normal gray
scale visualization for ACL detection.10,11

ACL injury intraobserver agreement was moderate to
substantial, and lower than the substantial to almost perfect
agreement (κ= 0.85 and 0.72) presented in a previous DECT
study.10 Interobserver agreement was fair and less than in
previous studies (κ=0.85–1.00).9,10 Besides reader experi-
ence, this might be explained by the number of cases re-
viewed; the large number of knees as in the present study
compared to the previously mentioned studies (n = 40 and
18, respectively9,10) gives less time for each evaluation but

Figure 2. True positive. A 24-year-old male with an arthroscopy verified torn ACL in both imaging modalities. Sagittal MRI (PD, TE
20 ms., TR 1800 ms., slice thickness 3 mm) (a) and sagittal DECT (b). The Readers were able to freely adjust window settings and do
reconstructions in any desired plane when analyzing DECT images.

Figure 3. False positive: A 27-year-old male with a normal ACL in arthroscopy that was classified as torn in MRI (Sagittal PD fat sat TE
30 ms., TR 3400 ms., slice thickness 3 mm) (a) and in DECT (b). The Readers were able to freely adjust window settings and do
reconstructions in any desired plane when analyzing DECT images.
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provides a higher degree of statistical certainty. Also, the
retrospective design of one study10 gives a possible se-
lection bias as only patients that had undergone both DECT
and MRI were imaged. Finally, acute traumatic changes
might make diagnostics more difficult compared to imaging
an injured knee in the chronic phase.9

The radiation dose was very low, the mean CTDIvol was
4.0 mGy and the estimated effective dose was 0.04 mSv.
This is much less than the 0.24 mSv of a previous DECT
study on ACL.10 This means that a modern CT machine
provides low radiation doses, making the dose and radiation
risk almost negligible when examining the knee and pe-
ripheral joints.

The strength of the present study is the prospective
design and relatively short time difference between DECT
and MRI examinations meaning bias of status change be-
tween examinations is unlikely. Further, themixed experience
of the reading radiologists showed that even unexperienced
readers can perform rather well; hence, the method is easy to
adopt.

Because the NACOX study aims at studying the natural
corollaries after an ACL injury, the age of subjects was
limited to 15–40 years which limits the ability to generalize
our results to older populations, but ACL-surgery is often
performed in a young population and thus most important to
find in this age-group.

The limitation of the current study is the low number of
true negatives. In Sweden only about half of the ACL-
injured patients undergo an ACL-reconstruction. Also, the
mean time from injury to operation is about 500 days.18 On
the other hand, an unstable meniscal injury could be a
reason for an early arthroscopy, but more than 40% of ACL-
injured athletes do not have an associated meniscal tear.19

Moreover, a complete healing can be seen in over 50% of
meniscal tears left in situ during anterior cruciate ligament
reconstruction.20 These facts could explain that only 21 of
33 (64%) patients underwent arthroscopy after the ACL
injury had been diagnosed by MRI.

Both knees were presented together when evaluating the
images which might have facilitated ACL detection con-
sidering that it is unlikely to have bilateral ACL disruptions.
On the other hand, in clinical practice, both knees are
usually included in the field of view even though not all
institutions present them to the radiologist as in our case.
Also, our study has not addressed whether the use of dual
energy adds value compared to a modern conventional
MDCT. The obvious advantage of DECT over conventional
MDCTwould be the bone marrow lesion visualization which
has been shown to correlate rather well withMRI12, 21–23 and
serving as a tell-tale sign of a possible ACL injury.24

Further research addressing how well DECT performs in
the injured knee using the combination of typical bone
contusion pattern, fractures and ACL injury would be of
value. DECT will not replace MRI for detection of ACL

tears but there are, however, several other clinical benefits:
In preoperative planning for fracture surgery a CT is often
performed and being able to exclude an ACL injury would
be an important information. Also, preoperative planning is
usually done during the first days following trauma while
our study had a mean 31 days from trauma to imaging
further limiting the direct implication of our results. Another
clinical usage would be for patients with external fixation.
The MR-compatible frame may allow the MR examination,
but the metal artifacts impair MRI image quality, making the
ACL difficult or even impossible to assess. Furthermore, in
patients with claustrophobia or MR incompatible or contra-
indicated metal implants, DECT may be an alternative im-
agingmethod. CTarthrography could be an option, but it is an
invasive examination, and may not be commonly available.

In conclusion, DECT has lower sensitivity to detect an
ACL tear than MRI, but the difference is not statistically
significant. The PPV is high in both methods.
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