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Abstract.
BACKGROUND: Joint position sense test assess patient mobility and proprioceptive ability. Yet, application used under
different conditions may biases reproduction error resulting in different therapeutic consequences.
OBJECTIVE: To investigate knee angle reproduction test under different test conditions.
METHODS: 25 healthy subjects (mean ± SD, age = 25 ± 2 years, activity level: 9 ± 2 training hours/week) performed knee
angle reproduction test in the sitting and prone position, while changing the knee angle starting (i) from flexion and (ii) extension,
(iii) inducing vibration on the semitendinosus tendon.
RESULTS: Absolute mean knee angle reproduction error showed significant difference for body position and vibration (Position:
95% CI 0.71 to 2.32; p < 0.001. No Vibration & Vibration: 95% CI −1.71 to −0.12; p = 0.027). Relative knee angle reproduction
error was significant different in all conditions (No Vibration & Vibration: 95% CI −3.30 to −0.45; p = 0.010. Body orientation:
95% CI 1.08 to 3.93; p < 0.001. Direction of movement: 95% CI 0.56 to 3.41; p = 0.007).
CONCLUSION: Body orientation and movement direction influence the resulting knee angle reproduction error in healthy
subjects. Practitioners are advised to use standardised test procedures when comparing different within- and between-patient
results.
Trial registration: DOI 10.17605/OSF.IO/AFWRP.
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1. Introduction

The return to sports of an athlete after injury is a multifaceted and often challenging decision [1–4],
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made daily by clinicians, physiotherapists, and coaches [5,6]. One important criterion is the state of the
proprioceptive feedback mechanisms, which are required to determine an adequate movement pattern [7–
10]. Accurate proprioception is a determinant of knee stability and plays a major role in daily activities,
exercises, and sports [11]. Proprioception has been shown to be particularly reduced after anterior cruciate
ligament (ACL) injuries [7,12,13]. The ACL is a key component of knee stability. Clinical evidence
suggests that proprioceptive deficits exist in posture after anterior cruciate ligament reconstruction [14–
18]. In their systematic review and meta-analysis, Flemming et al. indicated that proprioceptive feedback
is still compromised 6–24 months following surgical treatment [19]. Thus, damage to the ACL may impair
the ability to reproduce joint angles [20]. Reproducing knee angles as one parameter of correct knee
functioning relies on a variety of different mechanoreceptors and muscle spindles as the main sources of
information [7,21,22]. Ruffini end organ-like receptors and Golgi tendon receptors enable an adequate joint
position sense, that is, the perception of relative muscle and joint position during movement [23]. Injury
or surgery of the anterior cruciate ligament strongly affects mechanoreceptor function and negatively
affects knee function, including lower extremity neuromuscular activation [18,24,25]. As adequate knee
angle reproduction relies on continuous neuromuscular activation, deficient proprioceptive feedback
with poor joint position sense can result in reduced knee angle reproduction [8]. Therefore, the sense
of individual joint position seems to be a crucial parameter for a safe return to activity. However, the
mechanism underlying joint position sense during adequate functional posture has not been completely
elucidated [7,26]. Moreover, it is associated with fatigue and can therefore be used to predict injury
risk resulting from a delayed neuronal response [26]. Since joint position sense could provide key
information to reduce the risk of injury and improve surgical outcomes [26,27], the assessment of joint
position sense in physiotherapeutic practice may lead to a safer return to activity after injury. Further,
proprioceptive exercise can reduce pain and stiffness after ACL injury [28]. A major restriction in
orthopaedic-physiotherapeutic practice is the current inconsistency in proprioception measurements in
knee angle reproduction testing [8,23]. As the mechanoreceptor activation pattern depends on body
orientation and movement direction, we hypothesised that variations in test procedures can lead to
different therapeutic consequences. Comparison of previous studies remains difficult due to heterogeneity
in study protocols, equipment, and testing positions [29]. Therefore, the aim of the present study was to
investigate the knee angle reproduction test as a measurement of joint position sense under varying test
conditions, such as different body orientations and movement directions.

2. Methods

A clinical randomised trial with blinded outcome assessors was undertaken for two consecutive days.
The study was done in accordance with the ethical standards of the Committee on Human Experimen-
tation of the institution in which the experiments were done and in accordance with the Declaration of
Helsinki of 1964 and its later amendments or comparable ethical standards. The study was approved by
the Institutional Ethics Board of the Sports University Cologne (152/2019). The experimental design
was preregistered on ‘Open Science Framework’ (DOI 10.17605/OSF.IO/AFWRP). Participants were
recruited through voluntary participation. Consenting participants were allocated using a stratified random
allocation sequence to three different test conditions (direction: ex = extension, flex = flexion; position:
s = sitting, l = lying; simulation: con = no vibration induced on the semitendinosus tendon, vib =
vibration induced on the semitendinosus tendon). All standardised assessments were undertaken by an
experienced physiotherapist who was also a graduated sport scientist. Data collection occurred at the
German Sports University Cologne. The statistical power was set at 0.8 and the effect size d = 0.6 a
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Fig. 1. Knee angle reproduction test: a sitting, starting from extension; b sitting, starting from flexion.

priori [30–33], resulting in a number of n = 20 subjects (G∗Power, Version 3.1.9.4). Exclusion criteria
were physical limitations, such as general neuronal disease and a history of muscle, ligament, tendon, or
bone injuries of the lower extremities. Participants provided written informed consent for participation,
data collection, and image publication prior to enrolment.

2.1. Intervention

Prior to testing, participants were familiarised with the study protocol via standardised verbal instruc-
tions. To preclude general angle reproduction disabilities, reproduction errors were tested on an elbow
angle reproduction test in advance. Participants were asked to reproduce 90◦ elbow angle on the left
and on the right side as well as mirroring a self-chosen angle with the contralateral elbow. Afterwards,
participants were asked to reproduce the contralateral knee angle starting either at 90◦ flexion or 0◦

extension, both in sitting and prone positions (as shown in Figs 1 and 2).
Additionally, the participants performed the same procedure during the manipulation of the semi-

tendinosus tendon. A common method of anterior cruciate ligament reconstruction is semitendinosus
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Fig. 2. Knee angle reproduction test: a prone position, starting from flexion, b prone position, starting from extension.

tendon allografting [5,34–38]. Therefore, vibration was applied to disturb the proprioceptive function of
the semitendinosus tendon, mimicking post-surgical neuromechanical behaviour. Vibration was induced
by a customised engine (‘Braun’ engine, 120 Hz) [39]. A frequency above 80 Hz was selected, as this
was previously shown to activate and influence the majority of sensory fibres [17,40,41]. For the testing
procedure, each participant lay down or sat on an adjustable physiotherapy bench. The participant’s left
knee was set passively to a random angle chosen by the test operator. Previous studies have indicated no
clinically important differences in proprioceptive performance between dominant and non-dominant limbs
in trained participants [42–45]. Next, the participants were instructed to actively reproduce the left knee
angle with the right leg. For the subsequent knee angle determination, fixed anatomical landmarks were
tagged: tuberculum majus humeri, epicondylus lateralis humeri, processus styloideus radii, trochanter
major femoris, lateral knee joint cavity, and alleolus lateralis (shown in Figs 1 and 2). Each test included
five trials. To minimise proprioceptive transfer to the next test, the participants walked around for about
two minutes between tests. The participants were blindfolded for all conditions to prevent visual feedback.

2.2. Outcome measures

The outcome measure was the knee angle reproduction error, measured as degree [◦] using varying
conditions in the knee angle reproduction test (direction: ex = extension; flex = flexion; position: s =
sitting; l = lying; simulation: con = no vibration induced on the semitendinosus tendon; vib = vibration
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induced on the semitendinosus tendon). To calculate the mean knee angle reproduction error, the absolute
and signed differences [◦] between the target angle and the actual angle were calculated. Data were
collected using two cameras (minimum spatial resolution of 1080p) positioned on tripods at a standardised
distance (1.50 m) and height perpendicular to the area of interest (ROI). Knee position pictures were
analysed using the Kinovea software package (Version 0.8.15, 2005–2011, Joan Charmant & Contrib). In
Kinovea, elbow and knee joint angles were identified and determined by predefined anatomical landmarks
(see subsection 2.1 and Figs 1 and 2).

2.3. Statistical analysis

Statistical analyses were performed using R (Version 3.3.3). Data were checked for missing values,
distribution, and outliers and descriptively summarised as means ± standard deviation (SD), standard
error (SE), and 95% confidence intervals (CI). Normal distribution was confirmed using Q-Q plots.
Homogeneity of variance was tested using the Levene test. For the elbow pretest, paired t-tests were
calculated. Multiple ANOVA with Tukey’s post-hoc test was calculated between all conditions. In the case
of statistically significant main or interaction effects, post-hoc contrasts were calculated via estimated
marginal means and Tukey’s multiple-testing correction. P -values less than 0.05 were considered statisti-
cally significant (α = 0.05). Comparisons of different test modalities were reported as mean difference
with 95% CI. Effect size was calculated and interpreted as Cohen’s d with a small (0.2), medium (0.5), or
large (0.8) effect and partial Eta-square (η2p) with a small (0.01), medium (0.06), or large (0.14) effect.

3. Results

Twenty-five healthy young students (age = 25 ± 2 years, body height = 175.7 ± 8.1 cm, body mass
= 70.9 ± 11.3 kg; activity level: 9 ± 2 training hours/week; 14 males (56%) and 11 females (44%))
participated in all test conditions. There was no drop-out.

3.1. Pre-test

Comparison of the reproducibility of the elbow angle on the same side and on the contralateral
side (mirroring) showed no statistically significant differences (mirroring: t (24) = −1.39, p = 0.18;
reproduction: t (24) = 0.93, p = 0.36).

3.2. Effect of the intervention

Inspection of the normal Q-Q plot indicated that the data were normally distributed for each group.
Levene testing revealed no deviation from homoscedasticity for signed angle reproduction error (p =
0.304) and no homogeneity of variance for absolute angle reproduction (p = 0.005). There were 13
outliers according to an inspection with a boxplot (compare also Fig. 3). ANOVA statistical testing
demonstrated a significant effect of body position (95% CI: −3.40 to −1.69; p < 0.001; η2p = 0.061)
in absolute knee angle reproduction error but not for the direction of movement (95% CI: −2.42 to
−0.71; p = 0.195; η2p = 0.08). Furthermore, semitendinosus tendon vibration resulted in significantly
different reproduced knee angles compared to no vibration (95% CI: 0.30 to 1.51; p = 0.027; η2p = 0.023).
The results for relative difference showed a significant difference in absolute knee angle reproduction
error for body orientation (95% CI: −3.44 to −0.87; p < 0.001; η2p = 0.045) and for the direction of
movement (95% CI: −2.92 to −0.35; p = 0.007; η2p = 0.029). Semitendinosus tendon vibration resulted
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Table 1
Descriptive values of self-chosen target knee angle and the resulting absolute reproduction error in the prone and sitting position
with and without vibration induced on the semitendinosus tendon in a knee angle reproduction test (n = 25). (Min = lowest
self-chosen knee angle; Max = highest self-chosen knee angle; SD = standard deviation; SE = standard error)

Extension Flexion Vibration Min Max Reproduction
error mean ± SD SE 95%

confidence interval
Sitting position [◦]

× 98 170 7.03 ± 3.23 0.65 5.70–8.37
× 122 183 5.81 ± 2.71 0.54 4.69–6.93

× × 46 174 5.38 ± 1.70 0.34 4.67–6.08
× × 123 196 5.28 ± 2.50 0.50 4.25–6.31

Prone position [◦]
× 51 157 6.37 ± 3.13 0.63 5.04–7.66

× 65 166 5.26 ± 2.24 0.45 4.34–6.19
× × 52 162 6.80 ± 3.73 0.75 5.26–8.34

× × 110 169 8.70 ± 4.18 0.84 6.98–10.4

Fig. 3. Boxplot of the difference in knee angle reproduction error including all repetitions: light grey = prone position; dark grey
= sitting; ex = extension; flex = flexion. Vibration was induced on the semitendinosus tendon.

in significantly different reproduced knee angles in contrast to no vibration (95% CI: 0.96 to 2.78; p =
0.010; η2p = 0.027). Body orientation and disturbance of the semitendinosus tendon resulted in significant
differences in absolute and relative knee angle reproduction errors, respectively. Estimated marginal
means for signed knee angle reproduction error showed significant differences for all conditions (no
vibration and vibration: t (171) = −2.59; 95% CI −3.3 to −0.45; SE = 0.72; p = 0.0103; d = 0.4). Body
orientation: t (171) = 3.46; 95% CI 1.08 to 3.93; SE = 0.72; p < 0.001; d = 0.5. Direction of movement:
t (171) = 2.74; 95% CI 0.56 to 3.41; SE = 0.72; p = 0.007; d = 0.4) (Fig. 4). For absolute difference in
knee angle reproduction error, estimated marginal means showed a significant difference for the type of
body orientation and disturbance (body orientation: t (171) = 3.71; 95% CI 0.71 to 2.32; SE = 0.41; p <
0.001; d = 0.6). No vibration and vibration: t (171) = −2.23; 95% CI −1.71 to −0.12; SE = 0.41; p =
0.027; d = 0.4) but not for direction of movement (t (171) = 1.30; 95% CI −0.276 to 1.33; SE = 0.41;
p = 0.195; d = 0.2) (Fig. 5). Overall reproduction errors were smaller in sitting upright than in the prone
positions (Figs 4 and 5; Table 1).
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Fig. 4. Boxplot of the signed mean difference in knee angle reproduction error: light grey = prone position; dark grey = sitting
position; ex = extension; flex = flexion. Vibration was induced on the semitendinosus tendon.

Fig. 5. Boxplot of the absolute mean difference in knee angle reproduction error: light grey = prone position; dark grey = sitting;
ex = extension; flex = flexion. Vibration was induced on the semitendinosus tendon.

4. Discussion

The aim of the present study was to evaluate joint position sense by investigating knee angle repro-
duction ability under different testing conditions. The results confirmed the hypothesis that the ability
to reproduce knee angles differs between sitting and prone positions. The results further indicate that
the initial starting position, either from knee flexion or extension, influences reproduction ability. These
findings are of great practical importance, as currently the literature does not prescribe uniform standards
regarding the starting position of the joint position sense test [7,8,46]. Based on our results, the general
ability to reproduce knee joint angles is not interchangeable between different starting positions and
body orientations. An adequate reproducibility of the knee joint angle from the prone position cannot be
directly compared with the same results from the sitting position. A possible explanation for this could
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be the difference in body position in space and especially in the position of the head (upright versus
horizontal) [47]. Different tactile feedback on the thigh could also have influenced the resulting position
sense [9]. In a seated position, tactile feedback is primarily given on the back of the thigh, whereas in
a prone position, tactile feedback is more likely to be found on the front. The somatosensory system is
responsible for the perception of haptics, movement, position of body segments, temperature changes,
and pain [48]. To perceive these diverse sensory impressions, the somatosensory system has a large
number of mechanoreceptors at its disposal. Various body orientations might be relayed to different
mechanoreceptors, thus making standardisation of test methods paramount. Further, primary cilia (PC)
play a crucial role in the signalling between the intra- and extracellular space. Grevenstein et al. [49]
detected a significantly lower rate of PC positive cells compared to other tissues and ligaments of other
species, which might be a tissue-specific characteristic of the ACL [49]. Third, the elongation ability of
the muscle-tendon unit of the ischiocrural musculature might be reduced while sitting with both legs
extended. Furthermore, the predominant pre-tension of the m. quadriceps femoris, depending on the
aforementioned stretching ability, may have caused better reproducibility [50,51]. In addition to the
elasticity of ligament and tendon structures, other factors can also play a role in carrying out a knee
angle reproduction test [52], such as restrictions on movement in the elderly or those with orthopaedic
injuries limiting the choice of starting position. To mimic the clinical setting, testing was performed in
non-weight-bearing conditions, even though weight-bearing might be more functional [41]. Therefore,
transferring the results to daily activities should be done with caution. Clinical studies have shown
possible impairments of proprioception in the knee joint in patients with anterior cruciate ligament
rupture and lower neuromuscular activity in anterior cruciate ligament reconstruction [7,14,16,17,24].
This can be attributed to disturbed neural feedback caused by the destruction of the mechanorecep-
tors in the anterior cruciate ligament or the muscle spindle, as well as by the removal of the neural
feedback of the semitendinosus or patella tendon after surgery [7,18,53]. Following Bock et al. [39],
the present study used vibration as an interference source to induce impairment of neuronal feedback
and thus proprioception of the knee joint in healthy subjects. The aim was to simulate the neuronal
injury mechanisms of semitendinosus plastic surgery in anterior cruciate ligament reconstruction and to
examine the possible effects on proprioception. It was expected that manipulating the semitendinosus
tendon by vibration would induce a significantly reduced ability to reproduce knee angles under all
joint position sense test conditions. The results showed that vibration represents a recognisable influence
and thus serves as a source of interference with proprioception. However, it is questionable whether the
vibration causes a disturbance in the neuronal feedback of the semitendinosus tendon. There could be
other possible factors, such as the attachment of the vibration device or a pure sensitivity disturbance of
the skin surface due to vibration [54]. However, anterior cruciate ligament reconstruction by means of
semitendinosus allograft surgery potentially has far more consequences than what induced vibration is
capable of simulating [55]. One possible approach could be the use of artificial intelligence (AI) to might
reduce the risk of neurological damage and improve clinical outcome prediction. Especially in the field of
diagnostics and therapy AI has already shown considerable advantages [56–59]. This could be beneficial
for the patients’ rehabilitation process. This is the first study to investigate and confirm the impact of body
orientation and direction of movement in an active knee angle reproduction test, considering possible
interaction effects. A potential influence of body orientation and movement direction, even in healthy
athletic persons, could be suspicious of an even greater discrepancy in orthopedically impaired patients.
Further research in non-healthy subjects, such as anterior cruciate ligament patients, is recommended
before drawing clinical conclusions. To date, the current literature remains difficult to compare with
the present results, because different testing protocols, equipment, and no uniform concerning testing
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positions have been used. Further, no studies have considered possible interaction effects between body
orientation and direction of movement of the knee [46,52]. This is the first study to compare the results of
different body orientations and directions of movement in an active knee angle reproduction test.

5. Conclusion

Due to the reproduction errors in knee angle reproduction tests determined by different test conditions,
practitioners are advised to use standardised test procedures to progress their clinical value and implemen-
tation into daily practice. The results in different settings should be critically analysed – that is, a direct
comparison between the prone and sitting positions in a practical approach might not be recommended.
Furthermore, considering the economic health aspects, the choice of test conditions should be based
on the participants’ resources to perform their best results. Practitioners should be aware that varying
test conditions can lead to different therapeutic consequences. Future studies should focus on additional
influencing factors on testing procedures, such as weight-bearing conditions. However, it would be of
great interest to elucidate how the resulting reproduction error depends on the knee in setting the target
angle.
5.1. Clinical messages

– Body orientation has an influence on knee angle reproducing capabilities, whereas reproduction error
is significantly higher in the prone position.

– Direction of movement (starting from knee extension or knee flexion) might have a practical influence
on knee angle reproduction errors.

– There is evidence that disruption of senso-motoric feedback leads to a decline in reproductive
capacity.

– Practitioners should be aware that varying test conditions can lead to different therapeutic conse-
quences.
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