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A B S T R A C T

Background: Knowing correlations between passive goniometric and dynamic three-dimensional motion analysis
measurements of lower extremity range of motion and alignment would benefit knee injury risk assessment.
Purpose: To investigate reliability and concurrent validity of lower extremity assessment with goniometry and
three-dimensional motion analysis.
Methods: Thirty-eight participants (76 limbs) were examined in standardized positions by two physiotherapists
with simultaneous goniometric and three-dimensional motion analysis measurements of passive range of motion
and alignment. Intra-class correlation coefficient (ICC) and median differences were calculated.
Results: Hip rotation reliability, ICC 0.74–0.89 and validity 0.74–0.94. Tibial rotation reliability, ICC 0.24–0.75
and validity 0.08–0.61. Knee extension reliability, ICC 0.44–0.73 and validity 0.22–0.60. Knee valgus/varus
reliability, ICC 0.36–0.68 and validity 0.25–0.62. Tibial torsion reliability, ICC 0.52–0.77 and validity 0.58–0.81.
Ankle dorsiflexion reliability, ICC 0.12–0.73 and validity 0.51–0.83. Median differences in reliability and validity
ranged from -2.0� to 3.0� and from -6.6� to 7.5� respectively.
Conclusion: Goniometric and three-dimensional motion analysis methods define the lower body segments
differently making some degree of discrepancy in the measurements inevitable. Nevertheless, the variables chosen
in this study are all strongly associated with anterior cruciate ligament rupture and some may prove useful to
identify individuals at risk of knee injury during sport activities.
Study design: Cross-sectional laboratory study.
1. Introduction

The use of reliable and valid measurements is crucial in clinical
practice and in research. Physical examination is often performed to
assess anatomical characteristics, such as passive range of motion
(PRoM) and alignment of the lower extremity, and a goniometer is used
to quantify the measurements [1]. To capture motion in dynamic tasks
such as walking and jumping, a three-dimensional motion analysis (3D
MA) is usually performed [2, 3, 4]. It can be challenging to obtain reliable
and valid data about fast movements and high forces e.g. in sport ac-
tivities [5, 6, 7, 8]. Physical examination and 3D MA assessment are used
when studying the biomechanics and risk factors associated with rupture
of the anterior cruciate ligament (ACL) [9, 10, 11, 12, 13]. This risk is
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associated with increased knee extension, knee valgus, and tibial rotation
in relation to the femur, and with decreased ankle dorsiflexion and hip
internal rotation, as measured with a goniometer [14, 15, 16, 17, 18].
During dynamic activities, increased knee valgus at initial landing in the
vertical drop jump, assessed by 3D MA, has been reported to increase the
risk of ACL rupture [19].

The reliability of goniometric measurements of PRoM in the lower
extremity is considered to be good to excellent, although amean standard
deviation (SD) of around 5� has been reported for repeated measures in
inter-observer studies [1]. The validity of the measurements compared to
“gold standard” radiographic measurements of the knee joint is good to
excellent [1]. An exception is tibial rotation measured with an incli-
nometer, a goniometer for rotational assessment [20]. One disadvantage
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of ordinary hand-held inclinometers is that the tibial rotation is measured
at the foot level, thus including some motion at the foot-ankle, and not
exclusively in the tibio-femoral joint [21]. Inclinometers attached to the
tibia, such as the Myrin goniometer used in this study, have the advan-
tage of specifically measuring tibial rotation in relation to the femur.
However, the Myrin goniometer has not been thoroughly tested for
reliability [1, 22].

The reliability of dynamic measurements with 3D MA on subjects
performing various jump tests is considered good [7, 23, 24]. The quality
of the 3D MA assessments is highly dependent on marker placement,
which is reported to be especially difficult around the knee joint [6, 25,
26, 27, 28]. The validity of 3D MA has seldom been assessed, probably
due to the complexities of quantifying dynamic motion. However,
Miranda et al compared results obtained with 3D MA versus advanced
bi-planar radiography, which makes it possible to measure “true” joint
motion in dynamic activities, and found that skin movement during
jumps involving high velocity and impact adds another limitation to 3D
MA [6]. Despite limitations, 3DMA is still considered the “gold standard”
for quantifying dynamic motion and is frequently used both in clinical
practice and in research [4, 23, 29].

Although radiographic measurement is considered more precise than
goniometric and 3D MA assessments, it is expensive, inaccessible, ex-
poses subjects to radiation, and is difficult to use for multiple joints
simultaneously [1, 6]. Consequently, goniometric and 3D MA assess-
ments are better suited, than radiographic measurements, for clinical and
research purposes, although the limitations must always be taken into
consideration.

The association between goniometric and 3D MA assessment has not
been thoroughly studied. It has been suggested that exceeding the
anatomical range of motion or alignment during a dynamic activity such
as jumping or performing a side-cut maneuver may lead to injury [30,
31]. When attempting to understand injuries associated with sports, it
could be of interest to compare goniometric and 3DMAmeasurements. If
lower extremity range of motion and alignment corresponds between
goniometric and 3D MA measurements, and evidence of high forces
assessed with 3D MA are associated with movement beyond anatomical
limitations measured in a goniometric assessment, this might possibly
explain the mechanism underlying ACL rupture.

The reliability and validity of goniometric and 3D MA assessments of
the lower extremity have been studied separately. However, to our
knowledge, the only two studies examined both types of assessment
simultaneously during physical activity reported varied results for mus-
cle length end-angles in the lower extremity and an overestimated
shoulder elevation by goniometer by 20� compared to 3D MA [32, 33].
However, a related study reported good to excellent concurrent validity
between 3D MA and a bubble inclinometer for hip joint PRoM [34]. An
understanding of the agreement and potential measurement errors for
Figure 1. A: Assessment with goniometer and marker-based three-dimensional moti
study. B: Graph from the three-dimensional motion analysis of hip external rotation w
the x-axis. In this case the resting angle is around zero and then at about 55% of th
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different variables in the physical examination is crucial. When making
comparisons between two different methods, in this case static anatom-
ical versus dynamic measurement, it is important to keep in mind that
they will generate different results [32].

1.1. Purpose

The purpose was to study reliability and concurrent validity of
assessment of passive range of motion and alignment of the lower ex-
tremity using a goniometer and a three-dimensional motion analysis
system.

2. Materials and methods

A repeated measures design was used in this cross-sectional labora-
tory study. Ethical committee approval (Gothenburg regional ethical
committee, ref 094-17) was obtained and all participants gave informed
consent in writing.

2.1. Procedure

From the medical record and diagnosis register at Skaraborg Hospital
Sk€ovde from 2012 to 2018, individuals between 18 and 25 years of age
with ACL rupture were identified for the purpose of this study. Infor-
mation and an invitation to participate was sent by mail to 182 in-
dividuals. Forty-two who indicated interest in participating were
contacted for more information and checked for eligibility. Ultimately,
38 participants were recruited.

When examined at the gait laboratory, the participants were barefoot
and wore shorts. All assessments were performed by two experienced
physiotherapists, whom before the study had practiced and discussed the
execution of each measurement to ensure the standardization of the test
conditions. For the inter-observer reliability study, each physiotherapist
independently performed physical examinations in standardized posi-
tions according to the literature [1, 22, 35, 36, 37].

For the concurrent validity study, physiotherapist 1 (author VO)
applied the markers and positioned the joint at end-range of motion,
whereafter physiotherapist 2 (A-LW) obtained the measure with a goni-
ometer. At the same time physiotherapist 1 gave a signal making sure the
joint position was recorded with the 3DMA system. With other words the
measurement with the goniometer was performed simultaneously with
the 3D acquisition. End-range of motion was defined as when resistance
was felt by the physiotherapist and further motion caused co-movement
of adjacent joints [1, 22]. No force was applied during alignment
assessment [35, 36, 37]. This procedure was used for all measurements
except sitting tibial rotation, which physiotherapist 1 measured without
assistance. The assessments were done in the same order for all
on analysis of hip external rotation with extended hip in the concurrent validity
ith extended hip. Motion (degrees) on the y-axis and test duration (percent) on

e test duration, the hip is moved into external rotation, at around 30�.



V. Ore et al. Heliyon 6 (2020) e04713
participants and limbs. Measurements were taken in supine, prone and
finally sitting position.

2.2. Goniometric assessmen

One universal 31-centimeter plastic 180� goniometer was used for
most range of motion measurements (Vinkelm€atare Brodin, Medema
Physio AB, Kista, Sweden). For foot and tibial alignment measurements
we used a 17-centimeter plastic 360� universal goniometer (Plastic
goniometer 360, DJO Global, Dallas, USA). To measure passive tibial
rotation, an inclinometer (Myrin goniometer, Parir AB, Bålsta, Sweden)
was used. Figures 1A, 2A and 3.

2.3. Three-dimensional motion analysis assessment

A three-dimensional motion analysis system incorporating 30
reflective markers and 12 digital cameras (Oqus 400 Qualisys medical
AB, Gothenburg, Sweden) was used. A marker-based biomechanical
model was chosen and the reflective markers were secured to specific
anatomical locations in accordance with a modified Liverpool John
Moore University biomechanical model (LJMU-model) [5]. The modifi-
cation consisted of additional markers for tuberositas tibiae and the head
of metatarsal 2, an extra cluster marker at the medial side of the shank,
one instead of four cluster markers at the lateral shank and thigh and no
marker for greater trochanter nor upper body. Figures 1A, 2A and 3.

2.4. Variables assessed

The variables chosen were those previously reported as potentially
associated with the risk of ACL rupture: hip rotation, passive tibial
rotation, knee extension, knee valgus/varus assessed by the tibio-femoral
angle (TFA), tibial torsion assessed with the bi-malleolar angle (BMA)
and ankle dorsiflexion [9, 10, 11, 12, 14, 15, 16, 18, 19].

Hip external and internal rotation was obtained with flexed hip joint
in supine and with extended hip joint in prone position. Tibial rotation
relative to the femur was measured in sitting position. Knee extension
and ankle joint dorsiflexion with extended and flexed knees, were
examined in supine position. The knee valgus/varus angle (i.e. the TFA)
was measured in the frontal plane and positive values were used to
indicate valgus position. Tibial torsion was assessed by the bi-malleolar
angle (BMA) and obtained in prone position [1, 22, 35, 36, 37].

2.5. Statistics

Descriptive statistics as mean and standard deviation were calculated
and presented for all continuous variables. The histogram graphs for all
continuous variables were observed visually and Shapiro-Wilks test were
performed to assess whether variables were approximately normally
distributed. Intra-class correlation coefficient (ICC) with a two-way
random effects model with definition consistency and type single mea-
sures was used to explore and calculate inter-observer reliability and
concurrent validity for all continuous variables. 95% confidence interval
Figure 2. A: Assessment with goniometer and marker-based three-dimensional motio
B: Graph from the three-dimensional motion analysis of ankle dorsiflexion with exten
case the resting angle is around 18� plantar flexion and then at about 45% of the te
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for ICC was presented. The difference between related observations for
each variable were described and quantified as the median difference
with quartile range (q1; q3). All analyses were performed with the sta-
tistical package IBM SPSS version 25.

3. Results

The participants were 27 women and 11 men, mean age 21.4 (SD 2.3)
years, mean height 173.4 (SD 8.5) cm and weight 74.7 (SD 11.1) kg,
participated.

One of the 3DMA assessments could not be processed due to technical
problems and could not be included in the validity study. In four cases,
tibial rotation could not be fully assessed due to markers being hidden.

3.1. Inter-observer reliability of goniometry

The ICC values for the inter-observer study were 0.83–0.84 for hip
rotation measurements. The ICC was 0.54–0.66 for tibial external rota-
tion, knee extension, knee valgus/varus (TFA), tibial torsion (BMA) and
ankle dorsiflexion with extended knee. Lower ICC values < 0.5 were
noted for tibial internal rotation and ankle dorsiflexion with flexed knee.
The median differences of measurements were within a few degrees for
all measures (range -2.0�

–3.0�). Table 1.

3.2. Concurrent validity between goniometry and 3D MA

The ICC values in the validity study were 0.83–0.91 for hip rotation,
0.72 for tibial torsion (BMA), 0.66 to 0.74 for ankle dorsiflexion and<0.5
for knee extension, knee valgus/varus (TFA) and tibial rotation. The
median differences of single measurements were for hip rotation
-3.6�

–5.0�, tibial rotation 5.1�–7.5�, knee extension -2.4�, knee valgus/
varus (TFA) 2.6�, tibial torsion (BMA) -1.5� and ankle dorsiflexion -6.6�

to -5.7�. Table 2.

4. Discussion

The intra-class coefficient (ICC) values for both inter-observer reli-
ability and concurrent validity were highest for hip rotation whereas
those for measurements in the knee and ankle joint were lower.

The median differences were higher for concurrent validity (range
-6.6�

–7.5�) than for inter-observer reliability (median values close to 0�,
range -2.0�

–3.0�), meaning that discrepancies between goniometric and
3D MA assessments tended to be larger than those between goniometric
assessments.

4.1. Reliability and validity

Koo and Li suggested a guideline for interpretation of ICC in which
values under 0.5 indicated poor reliability, values between 0.5 and 0.75
moderate, values between 0.75 and 0.9 good, and values exceeding 0.9
excellent reliability; they also stressed the importance of presenting the
95% confidence interval (CI) [38].
n analysis of ankle dorsiflexion with extended knee in concurrent validity study.
ded knee. Motion in degrees on the y-axis and test duration on the x-axis. In this
st duration the ankle is moved into dorsiflexion to a maximum of around 12�.



Figure 3. Goniometer and marker-based three-dimensional motion analysis
assessment of tibial torsion. The markers on the medial and lateral malleolus are
visualized for the acquisition of the bi-malleolar angle, which is calculated in
relation to the knee axis.
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Our results showing good inter-observer reliability for goniometric
measurements of passive hip rotation are in line with the findings of
Norkin and White [1]. Concurrent validity was good to excellent, which
was in line with previous reported results by Charlton et al, albeit they
used a bubble inclinometer and another position for measurement [34].
Hip rotation influences knee position and thereby muscle activity and
forces affecting the knee during jumping activities [39, 40]. Hip rotation
Table 1. Inter-observer reliability of goniometric assessments of passive range of mo

N ¼ 76 Observer 1 Mean� (SD�)

Hip

Hip external rotation 90� flexed hip 55.9 (7.0)

Hip internal rotation 90� flexed hip 40.6 (9.7)

Hip external rotation extended hip 47.9 (6.9)

Hip internal rotation extended hip 42.3 (8.9)

Knee

Tibial external rotation 28.9 (4.1)

Tibial internal rotation 26.4 (4.1)

Knee extension 7.0 (2.7)

Knee valgus/varus (TFA) 5.7 (1.6)

Tibial torsion (BMA) 18.7 (4.9)

Ankle

Ankle dorsiflexion 90� flexed knee 17.6 (3.5)

Ankle dorsiflexion extended knee 12.8 (3.4)

SD: standard deviation; ICC: Intra-class correlation coefficient; CI: confidence interva
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is part of the mechanism causing dynamic valgus collapse that might
result in an ACL rupture [39]. It should be noted that the effect of hip
rotation is mixed: some studies report that individuals with decreased hip
internal rotation have an increased risk of ACL rupture [14, 15, 17],
whereas other studies using 3DMA showmarkedly higher knee forces for
individuals with increased hip internal rotation [11, 12]. Our findings of
good reliability and validity make the assessments comparable, which
could potentially be useful in further studies aiming to identify specific
thresholds that imply a higher risk of injury.

Passive tibial rotation assessment revealed poor to moderate reliability
in our study, and using a Myrin goniometer attached to the tibia gave no
advantage compared tomethods measuring tibial rotation at the foot, e.g.
as used by Krause et al [20]. To further improve the accuracy, technically
advanced equipment has been developed; however, this equipment is
clumsy and not clinically applicable [18, 41, 42]. In our study, concur-
rent validity for tibial rotation was poor to moderate. Olsen et al reported
knee rotation as an important variable for the risk of ACL rupture, but
they do not state whether it is internal or external rotation both [43]. Oh
et al stated that the combination of knee internal rotation and knee
valgus results in increased strain on the ACL during pivoting landing
[44]. Given the poor reliability and validity shown by our results, we do
not know how to make clinically applicable assessments to help under-
stand the degree of tibial rotation that could be associated with ACL
rupture.

Goniometric assessments of knee extension revealed poor to moderate
reliability in our study, in line with the low reliability presented by
Norkin and White (inter-observer ICC 0.57 to 0.80) [1]. The low ICC
value might be explained by our use of a single measurement ICC
method, which is more prone to measurement errors than other methods.
Since knee extension is of small angles (normal range 0�–10�), mea-
surement errors of a couple of degrees have a much stronger negative
impact on ICC values compared to values for, e.g., the hip joint (normal
range 40�–60�) [1]. Concurrent validity was poor to moderate, which
might partly be explained by the same factors. Myer et al reported that
increased knee extension could contribute to increased risk of sustaining
an ACL rupture, making this variable important [16]. Though our results
revealed poor to moderate ICC values, the rather small median differ-
ences (1.0� inter-observer reliability, -2.4� concurrent validity) indicated
that knee measurements might be compared if measurement error is
considered.

Knee valgus/varus (TFA) assessment revealed poor to moderate reli-
ability, in contrast to the good to excellent inter-observer values reported
by Schultz et al [37]. Schultz et al used a goniometer with extended arms
tion and alignment in 76 lower extremities (38 subjects).

Observer 2
Mean� (SD�)

ICC (95% CI) Median difference (q1�; q3�)

53.2 (7.5) .83 (.74–.89) 3.0 (0.3; 5.8)

40.4 (8.4) .83 (.75–89) 0.0 (-3.8; 4.8)

48.4 (7.5) .84 (.75–.89) -1.0 (-3.0; 3.0)

42.4 (9.4) .84 (.75–.89) 0.0 (-4.0; 3.0)

29.1 (5.6) .63 (.47–.75) 0.0 (-3.0; 2.0)

26.0 (4.1) .44 (.24–.61) 0.5 (-3.0; 4.0)

5.9 (2.6) .61 (.44–.73) 1.0 (-2.0; 4.0)

4.3 (1.7) .54 (.36–.68) 2.0 (0.0; 2.0)

18.2 (4.4) .66 (.52–.77) 0.0 (-2.0; 4.0)

17.3 (4.3) .34 (.12–.52) 0.3 (-2.0; 4.0)

11.8 (4.2) .61 (.44–.73) 1.0 (-1.0; 4.0)

l, TFA: tibio-femoral angle; BMA: bi-malleolar angle.
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and calculated ICC by using averages of measurements which might
explain some of the differences in the results [37]. We found poor to
moderate concurrent validity. As discussed for the knee extension mea-
surements, the small angles of knee valgus/varus might contribute to the
poor reliability and validity [1]. Knee valgus/varus is a measurement of
interest since valgus/varus has been reported as directly involved in the
injury mechanism for ACL ruptures, and an increased valgus at landing is
associated with greater risk of ACL rupture [2, 19].

For tibial torsion (BMA) we found moderate to good reliability. Our
median difference for alignment measures of BMA (0.0� q1;-2.0� q3;
4.0�) was in line with or lower than previously reported mean differences
(3.2�) [35]. Concurrent validity was moderate to good. Ishida et al
studied the impact of foot positioning with toe out or in, on knee rotation
and valgus, without measuring tibial torsion [45]. Nor was tibial torsion
discussed as a cofactor in studies reporting that foot placement at initial
landing affects knee forces during jumping activities [40, 46, 47, 48]. In
our study on reliability and validity we wanted to include the anatomical
alignment of tibial torsion, since we believe it is reasonable to assume
that tibial torsion and alignment with the knee axis influence foot posi-
tion and hence knee rotation and knee forces.

The reliability of measurements of ankle dorsiflexion with extended
knee in our study was in line with that in a previous report, ICC 0.61 and
0.65 respectively [1]. On the other hand, our measurements of ankle
dorsiflexion with flexed knee had markedly lower reliability, ICC 0.34.
One could assume that the amount of force that can be applied varies
from examiner to examiner, and this has previously been discussed as a
cause of low reliability [49]. However, the strong gastrocnemius muscle,
which passes not only the ankle but also the knee joint, is relaxed when
the knee is flexed and less force is likely to be required to measure ankle
dorsiflexion, thus probably reducing the variability between examiners.

However, previous studies have pointed out that it is difficult for a
single observer to measure dorsiflexion with flexed knee, which may
partly explain the relatively low reliability [50]. Concurrent validity was
moderate to good, and our ICC-values are in line with reported spearman
correlation coefficients reported by Banky et al [33]. The mean and
median differences between the methods revealed that 3D MA tended to
give greater dorsiflexion compared to goniometry. Fong et al suggested
that greater passive range of ankle dorsiflexion might reduce the forces
affecting the ACL during landing [10]. Our results might be of impor-
tance in further studies aiming to find the degree of ankle dorsiflexion
that is associated with higher forces affecting the ACL.
Table 2. Concurrent validity of goniometric assessment and 3D motion analysis ass
subjects).

N Goniometer assessment
Mean� (SD�)

3D
Mea

Hip

Hip external rotation 90� flexed hip 74 58.9 (7.1) 62.5

Hip internal rotation 90� flexed hip 74 41.3 (9.0) 36.2

Hip external rotation extended hip 74 48.3 (7.0) 43.8

Hip internal rotation extended hip 74 41.7 (8.6) 39.3

Knee

Tibial external rotation 71 28.9 (3.4) 23.6

Tibial internal rotation 73 26.3 (3.6) 19.0

Knee extension 74 7.1 (3.3) 9.1

Knee valgus/varus (TFA) 74 4.3 (2.0) 1.4

Tibial torsion (BMA) 74 18.6 (5.0) 20.1

Ankle

Ankle dorsiflexion 90� flexed knee 74 20.6 (5.2) 26.7

Ankle dorsiflexion extended knee 74 10.4 (4.1) 16.1

SD: standard deviation; ICC: Intra-class correlation coefficient; CI: confidence interva
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4.2. Association goniometric and 3D MA assessment

Our results revealed ICC values ranging from poor to excellent for
measurements of different joints. One interpretation could be that hip
rotation measurements are comparable between the different assessment
methods and knee measurements are not. However, our comparison of
mean and median differences between measurements revealed inter-
esting details. For example, though hip internal rotation with 90� flexed
hip had good to excellent ICC values, the median difference was 5.0�

between assessment methods, whereas knee valgus/varus had poor to
moderate ICC values but a median difference of 2.6�. Understanding the
association between angle measurements obtained using the different
assessments methods would be necessary to further study the forces
affecting a joint when anatomical range of motion is exceeded.

Our results revealed that the mean and median differences between
goniometric and 3D MA assessments, in degrees, were higher than the
inter-observer differences in corresponding goniometric measurements.
Although our differences were not as prominent as those presented by
Finley et al [32] regarding shoulder elevation, our results provide insight
into the off-set that should be considered when comparing goniometric
measurements with those obtained with 3D MA.

This study was done in our clinical setting, using a marker-based
biomechanical model and universal goniometers, and it must be borne
in mind that the results are of relevance only in comparison to similar
settings. However, since the segments in the lower extremity are defined
differently for the different assessment methods – goniometry and 3DMA
– it is fair to assume that measurement differences are inevitable
regardless of which types of goniometers and biomechanical models are
used. Hence, we recommend that future studies aiming to compare re-
sults from goniometry and 3D MA include tests of concurrent validity of
the different measurement methods.
4.3. Limitations

The results of goniometric measurement of the long axis, i.e. knee
valgus/varus (TFA), might have been more accurate if a goniometer with
longer arms had been used.

Inter-observer reliability was likely affected by differences in the
amount of force applied, especially in ankle dorsiflexion, where force has
an impact on measured end-range of motion.

Marker placement is undoubtedly a limitation in the 3D MA assess-
ment method. However, in our study, all markers were placed according
essment of passive range of motion and alignment in 74 lower extremities (37

motion analysis assessment
n� (SD�)

ICC (95% CI) Median difference� (q1�; q3�)

(7.5) .83 (.74–.89) -3.6 (-6.7; -0.1)

(8.8) .89 (.83–.93) 5.0 (2.3; 7.3)

(7.7) .84 (.76–.90) 3.8 (2.1; 5.9)

(8.5) .91 (.85–.94) 2.9 (-0.1; 5.1)

(6.1) .44 (.23–.61) 5.1 (1.9; 9.4)

(6.0) .30 (.08–.49) 7.5 (3.7; 11.6)

(3.8) .43 (.22–.60) -2.4 (-4.5; 0.9)

(2.7) .46 (.25–.62) 2.6 (1.4; 4.3)

(6.4) .72 (.58–.81) -1.5 (-4.6; 0.7)

(5.9) .74 (.61–.83) -6.6 (-8.8; -3.7)

(6.5) .66 (.51–.77) -5.7 (-8.6; -2.7)

l, TFA: tibio-femoral angle; BMA: bi-malleolar angle.
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to a standardized placement protocol, by the same experienced physio-
therapist, in line with suggested methods to reduce marker placement
variability [23, 24].

5. Conclusion

The goniometric and three-dimensional motion analysis (3D MA)
methods define the lower body segments differently, making some
amount of difference/off-set between the measurement results essen-
tially inevitable. The mean and median differences between results ob-
tained using the goniometric and 3D MA methods were larger than the
inter-observer differences in results obtained by goniometry, indicating
that care should be taken when comparing results from the goniometer
with 3D MA. In future studies it could be recommended to assess the
methods’ concurrent validity in the chosen specific clinical setting. The
biomechanical variables of range of motion and alignment chosen for this
study, in addition to being easy to assess clinically, are all strongly
associated with anterior cruciate ligament rupture. Some could prove
useful to identify individuals at risk of knee injury during sport activities.
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