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Abstract
Purpose The aim of this study was to compare MRI-based torsion measurements of the lower limb to a well-established 
CT-based assessment in a prospective inter- and intraindividual approach.
Methods A total of 26 patients (age 28.8 years ± 11.0) were enrolled beginning in January 2021 until August 2022. Inclu-
sion criteria were the clinical indication for torsion measurement of the lower limb. CT and MRI imaging were performed 
with a standard operating procedure, to ensure that all patients were examined in a standardized position. The examinations 
were planned on a coronal scout view based on prominent anatomical landmarks. Femoral and tibial torsion were measured 
individually. Torsion measurements were analysed twice: immediately after examination and after 3 weeks. Subsequently, 
intra-rater and parallel test reliability was calculated accordingly.
Results High significant results for CT and MRI measurements for both tibia (MRI: r = 0.961; p ≤ 0.001; CT: r = 0.963; 
p ≤ 0.001) and femur (MRI: r = 0.980; p ≤ 0.001; CT: r = 0.979; p ≤ 0.001) were obtained by calculated intra-rater reliability, 
showing that measurements were highly consistent for MRI and CT, respectively. Parallel test reliability for time point 1 as 
well as time point 2 was also highly significant and ranged from r = 0.947 to r = 0.972 (all with p ≤ 0.001, respectively) for 
both tibia and femur, showing a high concordance between the two measurements.
Conclusion Measurement of tibial as well as femoral torsion was comparable for CT and MRI measurement. Therefore, this 
study supports MRI measurement as an equivalent alternative for CT measurement concerning torsional malalignment to 
reduce exposure to radiation.
Level of evidence Level II.
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Introduction

Torsional malalignment has gained increasing interest in 
clinical practice as well as in research [5, 7, 8]. Several clini-
cal and experimental studies showed that deviations from 
normal torsional alignment—whether congenital or post-
traumatic—play a major role for the biomechanics of the 

knee joint [6, 16]. It is well known that torsional malalign-
ment has great influence on the development of osteoarthri-
tis as well as in patellofemoral disorders [1, 7, 14].

Gold standard for the assessment of lower limb malalign-
ment in the transversal plane is computed tomography (CT) 
with transversal reconstructions. In comparison to anatomic 
measurement (for example in cadaveric studies), CT is the 
most precise and shows best reproducibility [1, 6, 21]. To 
perform the measurement, the CT scan should include the 
ankle region, the knee region and the hip region [11]. This 
results in a not negligible exposure to ionizing radiation [2]. 
CT diagnostics are recommended for a vast number of differ-
ent disorders: for example, in patients with fractures of the 
femur or patellar dislocations, common guidelines recom-
mend an assessment of lower limb malalignment conducted 
by CT [13, 19]. Completely avoiding ionizing radiation, 
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however, is to be preferred for the—mostly younger—patient 
collective.

To our knowledge, there are no prospective studies with 
modern scanners to compare assessment of lower limb mala-
lignment between CT and MRI torsion measurement. Only 
studies referring to tibial or femoral measurement separately 
are accessible or—if both were measured—patients did 
not receive MRI and CT measurements concurrently [12]. 
Therefore, the purpose of this study was to compare an MRI-
based protocol for torsion measurement of the lower limb 
to a well-established CT-based assessment in a prospective 
approach and with a sensibly defined standardized flow 
trace for each MRI and CT conduction that ensures the same 
supine position and same processes. The hypothesis of this 
study was that MRI assessment of femoral and tibial torsion 
according to the Waidelich method [20] achieves equivalent 
results to CT assessment.

Materials and methods

Institutional review board approval about all aspects of the 
study from an ethical and legal point of view was obtained 
(04.11.2020, IRB number: 780/2020BO1).

The study was conducted in accordance with the Declara-
tion of Helsinki (as revised in 2013).

This study was prospectively registered on the German 
Clinical Trials Register (No.DRKS00023178). Inclusion cri-
teria were the clinical indications for torsion measurement of 
the lower limb, which included patients with patella disloca-
tion, anterior knee pain and clinical suspicion of torsional 
malalignment. Exclusion criteria were age under 18 years, 
the presence of metal implants at the lower limbs and the 
lack of written informed consent. Accordingly, in the period 
of January 2021 until August 2022, n = 26 patients could be 
enrolled.

The following demographic parameters were recorded: 
age at time of examination, gender and self-reported body 
mass index (BMI). CT and MRI were conducted on the same 
day.

Technical parameters of the CT image acquisition 
for torsion measurement of the lower limb

CT image acquisition was performed using a 128-slice, 
single source CT (SOMATOM Definition Edge, Siemens 
Healthineers, Forchheim, Germany) using a previously 
evaluated and thereafter established ultralow dose proto-
col with a pitch of 1.0, rotation time of 0.5 s, collimation 
of 128 × 0.6 mm and a scan time of 2.21 s (hip), 2.11 s 
(knee) and 1.77 s (ankle) [8]. An automated tube current 
modulation (CARE Dose4D, Siemens Healthineers, Forch-
heim, Germany) was used for all regions (hip, knee, ankle). 

Furthermore, an automated tube voltage selection (CARE 
kV, Siemens Healthineers, Forchheim, Germany) was addi-
tionally used for all regions and was set to optimize tube 
current for the depiction of osseous structures. Reference 
settings were set as follows: hip (100 kV, 20 mAs), knee 
(80 kV, 20 mAs) and ankle (80 kV, 10 mAs). Furthermore, 
raw data-based iterative image reconstruction (SAFIRE—
Sinogram Affirmed Iterative Reconstruction, Siemens 
Healthineers, Forchheim, Germany) was used at strength 3 
for all regions. Image reconstruction was performed using 
a medium sharp kernel, a 3 mm slice thickness and a bone 
window (centre/width: 450HU/1500HU). According to the 
institutional standard operating procedures, all patients were 
examined in a standardized supine position, feet first and the 
feet secured together. The examinations were planned on a 
coronal scout view based on prominent anatomical land-
marks: at the hip, top of the femoral head to the upper mar-
gin of the lesser trochanter; at the knee, top of the patella to 
the middle of the fibular head; and at the ankle, 2 cm above 
the tibial plafond to the tip of the medial ankle (Fig. 1).

Technical parameters of the MR image acquisition 
for torsion measurement of the lower limbs

MR image acquisition was performed on a 1.5 T scanner 
(MAGNETOM Area, Siemens Healthineers, Forchheim, 
Germany) using solely the coils integrated in the MR scan-
ner and the patient table. The study protocol consisted of 
three slice blocks (hip, knee, ankle) of T1-weighted turbo 
spin echo sequences in transversal orientation. Repetition 
time was set to 578 ms, echo time to 12 ms, flip angle to 
180°, turbo factor to 3, parallel acquisition techniques to 2, 
number of averages to 1 and number of concatenations to 
2, resulting in an acquired voxel size of 1.0 × 1.0 × 6.0  mm3 
and an acquisition time of 1:07 min (Fig. 1). As during the 
CT, all patients examined in standardized supine position, 
feet first and the feet secured together, MRI was planned on 
a coronal scout view in the same manner (Fig. 1).

Evaluation of the lower limb torsion in MRI and in CT

MRI and CT torsion measurements were performed on pseu-
donymized examinations and in randomized order (using the 
SPSS random number generator feature). Femoral and tibial 
torsion were measured separately according to Waidelich 
[20]. The Waidelich method was chosen due to its good 
reproducibility in CT measurements and due to existing 
standard values [17]. In accordance with the method, femo-
ral neck antetorsion was measured as the angle between a 
line central through the femoral head and central through 
an ellipse of the greater trochanter and a second line along 
the posterior margin of the femoral condyles. Tibial torsion 
was measured between a line along the posterior margin of 



4905Knee Surgery, Sports Traumatology, Arthroscopy (2023) 31:4903–4909 

1 3

the tibial plateau and a line central through the tibial and 
fibular parts of the ankle joint. Torsion measurements were 
analysed twice by the same orthopaedic specialist (8 years 
of experience in lower limb torsion measurements and fel-
lowship trained)—immediately after the procedure and again 
after three weeks. An experienced radiologist additionally 
analysed a total N = 40 lower limbs to evaluate inter-rater 
reliability. For torsion measurement, the software package 
mediCAD 3D Knee Version 2.5 (Hectec, Landshut, Ger-
many) was used.

Statistical analysis

For statistical analyses, IBM SPSS Statistics for Windows, 
version 23.0 (IBM Corp., Armonk, N.Y., USA), was used. 
Analysed were the intra-rater reliability, inter-rater reliability 
and the parallel test reliability. Bland–Altman plots were 
constructed. For reliabilities, the Pearson product–moment 
correlation coefficient was used. A reliability coefficient 
higher than 0.80 is interpreted to be “good” and a coeffi-
cient higher than 0.90 is interpreted to be “high” according 
to Danner [4]. The level of significance was set at α ≤ 0.05. 
In planning the test for the establishment of equivalence 
between the MRI-based and CT-based measurements using 
a Bland–Altman analysis, it was determined that at a Type 
I error rate of α = 0.01, a Type II error rate of β = 0.10 (i.e. 
Power = 0.90), assuming a bias of 0 and a correlation of 
r = 0.995 between the measurements, that both show vari-
ability of 1.41508 (preconditions found in a previous study) 
the differences between the measurements can be detected to 

be less than ± 5° with N = 25 independent observations [10]. 
Further sensibly assuming that the correlation of measure-
ments for two different limbs within patients is higher than 
the correlation of limbs from different patients, the power 
will be higher (everything else being equal).

Results

The total study sample consists of N = 52 examined lower 
limbs, derived from N = 26 patients with an age range 
between 18 and 61 years (M = 28.8 ± 11.0). An equal num-
ber of men (N = 13) and women (N = 13) took part in the 
study. BMI ranged from 20.2 to 43.4 kg/m2 (M = 28.3 kg/
m2 ± 6.6 kg/m2).

For all 52 lower limbs, descriptive data are displayed in 
Table 1 for all time points and measurements in CT and 
MRI.

First, intra-rater reliability was tested for tibia and femur 
for measurement with MRI as well as CT. Results were 
r = 0.961, p ≤ 0.001 (MRI) and r = 0.963, p ≤ 0.001 (CT) 
for tibial measurements and r = 0.980, p ≤ 0.001 (MRI) as 
well as r = 0.979, p ≤ 0.001 (CT) for femoral measurements. 
These highly significant results indicate that measurements 
are highly consistent for MRI as well as CT. Therefore, 
measurement for both imaging techniques proved to be 
highly consistent for different time points (Table 2).

Parallel test reliability was calculated for each femur and 
tibia, for both time points 1 and 2 for the comparison of CT 

Fig. 1  Comparison of CT and MRI for torsion measurement of the 
lower limb in an exemplary patient (female, 18 years, BMI = 24 kg/
m2), scanned in the same position. The figure depicts exemplarily 
the captured images as well as the drawn reference lines. Number (1) 
depicts MRI images and number (2) CT images, respectively, for: a 

hip centre, b centre of the greater trochanter, c posterior margin of 
the femoral condyles, d posterior margin of the tibial plateau, e line 
through the centre of the medial malleolus and centre of the fibular 
incisura of the tibia
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and MRI. Correlation coefficients for femoral measurement 
ranged from r = 0.972, p ≤ 0.001 (time point 1) to r = 0.965, 
p ≤ 0.001 (time point 2) and were highly significant. For 
tibial measurements correlation coefficients ranged from 
r = 0.947, p ≤ 0.001 (time point 1) to r = 0.948, p ≤ 0.001 
(time point 2) and were also highly significant. Accordingly, 
for both tibia and femur, parallel test reliability can be inter-
preted to be “high”. All results are presented in Table 3.

To continue and develop the results of the parallel test 
reliability further, Bland–Altman plots were generated. 
Average differences for measurements of MRI and CT were 
calculated for time points 1 and 2 to check for potential dis-
tortions. Bland–Altman plots indicated a small bias of about 
2° for femoral as well as for tibial measurements, as well as 
a small number of outliers. Analysis showed that these outli-
ers were due to difficult patient positioning for patients with 
high BMI or due to measurement error (1 case). The plots 
are displayed in Fig. 2.

To further extend and strengthen the previous results, 
inter-rater reliability was calculated with measurements 
made by an experienced radiologist, who analysed a ran-
dom selection of N = 40 lower limbs. Calculated inter-rater 
reliability for CT was r = 0.876; p ≤ 0.001 for femoral and 
r = 0.830, p ≤ 0.001 for tibial measurements.

For MRI inter-rater reliability was r = 0.883, p ≤ 0.001 
for femoral measurements and r = 0.909, p ≤ 0.001 for tibial 
measurements.

Therefore, inter-rater reliability can be interpreted as high 
for both measurement methods, with MRI to show slightly 
better values than CT in comparison.

Discussion

The most important finding of the study was that calculated 
parallel test reliability for time point 1 as well as time point 
2 was in ranges of r = 0.947 to r = 0.972 for both tibia and 
femur. For outliers, we identified one measurement error; the 
others had been patients with high BMI, causing difficult cir-
cumstances in patient positioning. As this problem is com-
monly seen in clinical practice, we decided to include these 
cases, to enable the study to give a realistic depiction. The 
results are strengthened by the high intra-rater and inter-rater 
reliability, showing that measurements were highly consist-
ent for MRI as well as CT. This is the precondition for sta-
ble and valid parallel test reliability testing. These findings 
constrain a high agreement of MRI and CT torsion measure-
ments of the lower limb. In contrast to these results, Botser 
et al. report a systematic bias for measurement of the femur 
of − 8.9° for MRI in comparison to CT. However, the study 
had a retrospective design and it was assumed that different 

Table 1  Measurement for all 
N = 52 lower limbs for the femur 
and tibia at both time points and 
CT as well as MRI (M = mean 
value; SD = standard deviation)

Time point Femur Tibia

1 2 1 2

Imaging CT MRI CT MRI CT MRI CT MRI

Minimum − 58.5 − 63.7 − 56.0 − 57.7 15.3 15.9 16.0 15.9
Maximum − 9.1 − 8.6 − 7.9 − 8.0 56.3 58.1 56.7 55.1
M 32.6 − 32.5 − 31.9 32.2 36.9 37.6 36.9 37.1
SD 11.6 11.9 11.4 11.5 9.1 9.2 9.2 9.0

Table 2  Intra-rater correlation 
for tibia and femur for both 
methods (r = Pearson correlation 
coefficient; p = significance)

Correlation (r) 
between measurement 
1 and 2

Femur
 MRI r = 0.980**

p ≤ 0.001
 CT r = 0.979**

p ≤ 0.001*
Tibia
 MRI r = 0.961**

p ≤ 0.001
 CT r = 0.963**

p ≤ 0.001

Table 3  Parallel test reliability 
of measurement of the femur 
and tibia, for time points 1 
and 2 (r = Pearson correlation 
coefficient; p = significance; 
Min = minimum; 
Max = maximum; M = mean 
value; SD = standard deviation)

Time point Femur Tibia

1 2 1 2

Correlation r = 0.972**
p ≤ 0.001

r = 0.965**
p ≤ 0.001

r = 0.947**
p ≤ 0.001

r = 0.948**
p ≤ 0.001

Min–max of differences 0.0–9.3 0.0–9.7 0.1–8.2 0.1–8.3
M ± SD for differences 2.1 ± 1.9 2.2 ± 2.1 2.2 ± 2.1 2.4 ± 1.8
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patient positioning during MRI led to the discrepancies in 
results [3]. The problem of different patient positioning was 
addressed in this study with a standard operating procedure, 
which ensured that all patients were examined in a standard-
ized position (supine, with feet first, and the feet secured 
together). This might explain why deviations between MRI 
and CT in this study are relatively small. Nevertheless, we 
detected a small bias of approximately 2° between CT and 
MRI measurement. For using torsional measurements to 
plan corrective osteotomies, a bias of 2° is acceptable, as 
osteotomies usually have a tolerance of at least 5° for devia-
tions of the desired angle. Therefore, this bias is not criti-
cal for patient management. However, in particular for the 
comparison of differences between torsional measurements 

of the right and the left lower limb, this possible systematic 
bias warrants dedicated further research, most suitable in 
further prospective studies with standardized patient posi-
tioning protocol. If this bias of 2° would be confirmed in 
further studies, it would be reasonable to develop an agreed 
mathematical formula that enables clinicians to compare 
MRI and CT measurements on a solid foundation. Addi-
tionally, to further information, all examinations were 
planned on a coronal scout view based on prominent ana-
tomical landmarks. This is in line with a study of Muhamad 
et al. that addressed the question of different landmarks 
in measuring femoral and tibial torsion and assessed 62 
patients between 7 and 19 years [12]. Their results showed 
that MRI is comparable to CT concerning reproducibility, 

Fig. 2  Bland–Altman plot for tibia (right) and femur (left) at time 
points 1 (above) and 2 (below). The Bland–Altman plots depicts 
the correspondence of the imaging techniques. Red lines mark the 

respective mean value, and green lines mark the standard deviation in 
accordance with the mean value
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if similar landmarks are used. However, the nature of the 
study was retrospective and no patient enrolled had MRI and 
CT simultaneously to evaluate torsion. Schmaranzer et al. 
referred more detailed to the question of landmark setting 
in the assessment of femoral torsion to compare MRI and 
CT measurement [15]. They retrospectively compared four 
different measurement methods (regarding landmark levels) 
in 57 hips. Their result was that MRI- and CT-based femoral 
torsion measurement showed high agreement and compa-
rable reliability and reproducibility, depending on the level 
of selected landmarks used to define the proximal reference 
axis. Concerning comparison with true torsion of the femur, 
Beebe et al. performed a cadaveric study with 12 femora [1]. 
They found that CT-axial was the most accurate and repro-
ducible measurement when compared with true torsion of 
the femur, but closely followed by MRI-axial. They propose 
using MR-axial images in clinical situations where radiation 
exposure needs to be limited. These results and the proposal 
are reflected by the study of Tomczak et al., who compared 
CT and MRI measurement in 19 children and 25 adults [18]. 
MRI allowed precise anatomic measurements and produced 
reliable and reproducible results. They recommend MRI for 
preoperative planning in paediatric patients with femoral 
rotation osteotomies. For CT assessment, Recent studies 
showed that a median 96% decrease of radiation exposure 
compared to a standard protocol resulted in a continuously 
high rated image quality [8].

As a limitation of the presented results, the relatively 
small sample size of n = 26 has to be mentioned, although 
the required sample size was overachieved according to the 
power calculation prospectively registered in the German 
Clinical Trials Register (No. DRKS00023178). Bland–Alt-
man plots indicated a bias of about 2° for femoral as well 
as for tibial measurements. Although this small difference 
seems not critical for patient management, in particular for 
the comparison of differences between torsional measure-
ments of the right and the left lower limb, this possibly sys-
tematic bias warrants dedicated further research. Moreover, 
it has to be named that individual cases showed a discrep-
ancy of the measured angles on MRI and CT of more than 
8°. Nevertheless, evaluated across the entire collective, the 
comparison of MRI and CT torsion measurements showed a 
high level of agreement, which suggests that both MRI and 
CT are valid for torsion measurements of the lower limb. 
This is important especially for radiation-sensitive patients 
such as young people. However, in populations that are not 
that radiation sensitive, it is arguable whether CT might be 
preferable for torsion measurement of the lower limb. Con-
cerning measurement methods, it also has to be stated that 
only the Waidelich method was chosen to evaluate lower 
limb torsion, due to its good reproducibility in CT meas-
urements and due to existing standard values. However, for 
cases with a very flat incisura fibularis, the creation of the 

distal line for measurement of the tibial torsion might be 
complicated. Most importantly, as specific measurement 
methods depend on varying anatomic landmarks, it is of 
utmost importance to name the used measurement method 
to guarantee comparability of results. Also, as a limitation it 
has to be mentioned that patients with metal implants were 
excluded. Metal implants might be a contraindication for 
MRI and metal artefacts might compromise MRI torsion 
measurements more than CT torsion measurements. For 
CT measurement, lately a study showed feasibility of an 
ultralow dose CT in patients with metal implants [9]. Based 
on the results of the current study, it is now important to fur-
ther promote research for specific patient collectives, namely 
with metal implants, if MRI measurement can prove to be an 
equivalent alternative in these cases.

In the light of the preceding studies, the results of this 
study have high impact for measurement of torsional mala-
lignment, as—to our knowledge—it is the first prospective 
study to check for comparability between MRI and CT. With 
all patients receiving MRI and CT imaging on the same day, 
but more crucially following the same standard operating 
procedure and patient positioning, and therefore the same 
preconditions had been implemented for each measure-
ment. Additionally, this study did not only address femoral, 
but also tibial torsion measurement, which has been rare 
in foregoing studies. Therefore, this study provides valu-
able information not only for surgeons, but also radiologists 
or scientists, who need to assess torsional malalignment. 
Especially in these cases, when imaging has to be conducted 
several times and patients are of younger age, MRI measure-
ment techniques seem to be a worthy and reliable alternative.

Conclusion

Measurement of tibial as well as femoral torsion is compa-
rable for CT and MRI measurement. Therefore, this study 
supports MRI measurement as a valid alternative for CT 
measurement for torsional malalignment, especially in cases 
with high importance to reduce radiation exposure.
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