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Abstract

Introduction

Knee osteoarthrosis (KOA) is commonly associated with a dysfunction of the quadriceps

muscle which contributes to alterations in motor performance. The underlying neuromuscu-

lar mechanisms of muscle dysfunction are not fully understood. The main objective of this

study was to analyze how KOA affects neuromuscular function of the quadriceps muscle

during different contraction intensities.

Materials and methods

The following parameters were assessed in 20 patients and 20 healthy controls: (i) joint

position sense, i.e. position control (mean absolute error, MAE) at 30˚ and 50˚ of knee flex-

ion, (ii) simple reaction time task performance, (iii) isometric maximal voluntary torque

(IMVT) and root mean square of the EMG signal (RMS-EMG), (iv) torque control, i.e. accu-

racy (MAE), absolute fluctuation (standard deviation, SD), relative fluctuation (coefficient of

variation, CV) and periodicity (mean frequency, MNF) of the torque signal at 20%, 40% and

60% IMVT, (v) EMG-torque relationship at 20%, 40% and 60% IMVT and (vi) performance

fatigability, i.e. time to task failure (TTF) at 40% IMVT.

Results

Compared to the control group, the KOA group displayed: (i) significantly higher MAE of the

angle signal at 30˚ (99.3%; P = 0.027) and 50˚ (147.9%; P < 0.001), (ii) no significant differ-

ences in reaction time, (iii) significantly lower IMVT (-41.6%; P = 0.001) and tendentially

lower RMS-EMG of the rectus femoris (-33.7%; P = 0.054), (iv) tendentially higher MAE of

the torque signal at 20% IMVT (65.9%; P = 0.068), significantly lower SD of the torque signal

at all three torque levels and greater MNF at 60% IMVT (44.8%; P = 0.018), (v) significantly

increased RMS-EMG of the vastus lateralis at 20% (70.8%; P = 0.003) and 40% IMVT

(33.3%; P = 0.034), significantly lower RMS-EMG of the biceps femoris at 20% (-63.6%; P =

PLOS ONE | https://doi.org/10.1371/journal.pone.0176976 May 15, 2017 1 / 21

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPENACCESS

Citation: Mau-Moeller A, Jacksteit R, Jackszis M,

Feldhege F, Weippert M, Mittelmeier W, et al.

(2017) Neuromuscular function of the quadriceps

muscle during isometric maximal, submaximal

and submaximal fatiguing voluntary contractions

in knee osteoarthrosis patients. PLoS ONE 12(5):

e0176976. https://doi.org/10.1371/journal.

pone.0176976
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0.044) and 40% IMVT (-41.3%; P = 0.028) and tendentially lower at 60% IMVT (-24.3%; P =

0.075) and (vi) significantly shorter TTF (-51.1%; P = 0.049).

Conclusion

KOA is not only associated with a deterioration of IMVT and neuromuscular activation, but

also with an impaired position and torque control at submaximal torque levels, an altered

EMG-torque relationship and a higher performance fatigability of the quadriceps muscle. It

is recommended that the rehabilitation includes strengthening and fatiguing exercises at

maximal and submaximal force levels.

Introduction

Knee osteoarthrosis (KOA) is commonly associated with a dysfunction of the quadriceps mus-

cle which mainly contributes to alterations in motor performance [1, 2]. The quadriceps mus-

cle is functionally important for knee joint stabilization and a persistent weakness reduces the

protective force generated at the knee joint. Sensorimotor dysfunction of the quadriceps mus-

cle is even regarded as being associated with progression of KOA [1]. It has been shown that

the restoration and improvement of muscle function lead to improved symptoms and joint

structure [2], and there is a growing body of evidence showing that exercise can improve mus-

cle strength [3], physical function [4] and walking ability [5] in KOA patients. Furthermore,

studies have shown that preoperative quadriceps strength is a predictor for postoperative

muscle strength and functional outcome following total knee arthroplasty [6]. Consequently,

current clinical guidelines recommend exercise for the treatment of KOA [7]. However, a suc-

cessful creation and implementation of specific movement therapy measures implies the

understanding of the neuromuscular deficit [8]. There is a gap in the knowledge regarding the

neuromuscular mechanisms of quadriceps muscle dysfunction indicating a need for further

research. Therefore, the purpose of this study was to investigate how KOA affects neuromus-

cular control of the quadriceps muscle during different contraction intensities in end-stage

KOA patients.

Joint position sense—Position control

Proprioception is regarded as being important for knee function and prevention of joint

damage. It is assumed to be required for coordination and precision of complex movements,

stabilization of the knee joint and protection against injurious movements. Impaired proprio-

ceptive accuracy for joint position sense in KOA patients has been found in various studies

(for a review see Knoop 2011) [9]. However, Knoop et al. concluded that causes of KOA-

related impairments in joint position sense have not been identified.

Furthermore, measurement protocols differ (e.g. sitting, standing or lying position, active

or passive (re)positioning, target angle) and most KOA-studies have analyzed joint position

sense in sitting position with an hip angle of 90˚ [9]. In this study, we measured joint position

sense in a lying position with a hip angle of 30˚. A greater hip angle in lying compared to sit-

ting position may have effects on muscle activation due to changes in rectus femoris muscle

length, moment arm length and modulations in neuromuscular function like altered discharge

from muscle afferents [10–12].

Neuromuscular function of the quadriceps muscle in knee osteoarthrosis patients
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Reaction time task performance

Quadriceps muscle dysfunction in KOA patients is associated with a higher risk to sustain a fall

[13], which might be partly due to an impaired ability to quickly activate skeletal muscles [14].

There is, however, little research on reaction time task performance in response to a simple visual

stimulus in KOA patients. This is the first study on reaction time, premotor time and motor time

of the quadriceps muscle in response to a simple visual stimulus in patients with KOA.

Isometric maximal voluntary contraction–isometric maximal voluntary

force/torque and neuromuscular activation

There is comprehensive evidence that KOA is associated with a quadriceps muscle strength deficit

during isometric maximal voluntary contraction (IMVC) [15–19] which is partly due to muscle

atrophy and partly due to arthrogenic muscle inhibition (AMI) [20]. Quadriceps muscle strength

is, however, functionally relevant for motor performance during activities of daily living [21, 22].

To date only a few studies have investigated neuromuscular activation of the quadriceps muscle

during IMVC [17, 23–25]. Studies have shown lower values for rectus femoris and vastus medialis

muscle activity and no difference in the activation of vastus lateralis compared with healthy con-

trols [24, 25]. However, muscle activity of the quadriceps muscle was also found to be higher in

two different knee flexion angles (30˚ and 60˚) during IMVC in KOA patients [23]. Further find-

ings obtained by Stevens-Lapsley et al. demonstrated a higher coactivation of the hamstring mus-

cles [17]. Nevertheless, general conclusions on neuromuscular activation during IMVC in KOA

patients cannot be drawn due to the limited number of studies and the contradictory findings. In

the present study, rectus femoris, vastus lateralis and biceps femoris muscle activity was analyzed

in order to provide further insight into the neuromuscular control during IMVC.

Isometric submaximal voluntary contraction–force/torque control and

EMG-force/torque relationship

Moreover, many other activities of daily living such as standing and walking are predominately

performed at submaximal force intensities. To the best of our knowledge, only two studies

have investigated neuromuscular activation and motor unit characteristics of the quadriceps

muscle at submaximal force levels in KOA patients [18, 26]. Data from these two studies indi-

cate that muscle activity, motor unit recruitment and rate coding strategies are altered. It could

be further speculated that these differences in motor unit properties would result in a reduced

ability to control force at submaximal levels. The quality of force production can be assessed by

analyzing the accuracy, fluctuations and periodicity of the force/torque signal [27–33]. Force/

torque at a given submaximal voluntary contraction is not constant and fluctuates around a

mean. Fluctuation in motor output is functionally relevant for the accuracy of movement and

has been identified as a predictor of performance during functional tasks (chair rise and stair

climbing) [34]. It can be assumed that force production executed with less control could acceler-

ate joint damage in subjects with KOA, particularly in combination with an impaired sense of

position [9].

To the best of our knowledge, only two studies have investigated force control in KOA and

they showed modulations depending on the contraction type [28, 35]. Hortobagyi et al. investi-

gated force fluctuations at two fixed force levels (50 N and 100 N) which, however, did not re-

present the same relative target forces in % of IMVC strength of both groups [28]. Smith et al.

measured force control at 50% of IMVC strength during concentric and eccentric voluntary

contractions [35]. We present the first study on torque control at 20%, 40% and 60% of IMVC

strength.

Neuromuscular function of the quadriceps muscle in knee osteoarthrosis patients
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Furthermore, neuromuscular activation during these different submaximal torque levels

was analyzed. This aspect has been explicitly addressed in only two studies and they revealed

contrary findings [18, 26]. Thus, the present data may provide further information on neuro-

muscular activation during isometric submaximal voluntary contractions in KOA patients.

Isometric submaximal fatiguing voluntary contraction—Performance

fatigability

Muscle weakness is generally associated with a reduced fatigue resistance [36]. To the extent of

our knowledge, only two studies have investigated performance fatigability during and follow-

ing IMVCs in KOA patients [37, 38]. Although these two studies have indicated that fatigue

resistance during and following IMVCs is reduced in KOA patients, no attention has been

given to performance fatigability during submaximal voluntary contraction which, however, is

relevant for performing everyday activities. In the present study, for the first time, fatigue resis-

tance was analyzed during isometric submaximal fatiguing voluntary contraction at 40% of

IMVT.

In conclusion, in order to provide a comprehensive overview of modulations in neuromus-

cular function associated with KOA, the present study analyzed (i) joint position sense, i.e.

position control at 30˚ and 50˚ of knee flexion, (ii) simple reaction time task performance, (iii)

IMVT and average EMG of rectus femoris, vastus lateralis and biceps femoris, (iv) torque con-

trol, i.e. accuracy, absolute fluctuation, relative fluctuation and periodicity of the torque signal

at 20%, 40% and 60% IMVT, (v) EMG-torque relationship at 20%, 40% and 60% IMVT and

(vi) performance fatigability, i.e. time to task failure at 40% IMVT.

Materials and methods

Ethics statement

The cross-sectional study was carried out in the Department of Orthopaedics of the University

Medicine Rostock, Germany from January 2014 to December 2014. The study was approved

by the Ethical Review Committee of the University of Rostock (A 2013–0150).

Participants

Twenty healthy subjects with no history of neurological and musculoskeletal disorders/injuries

and 20 subjects with KOA scheduled for primary total knee arthroplasty surgery volunteered

for this study. Patients were identified as suitable for inclusion if they were aged between 50

and 80 and had a body mass index of less than 40 kg/m2. Patients with a total knee endoprosth-

esis on the contralateral side or a total hip endoprosthesis were enrolled in this study when

the operation had taken place at least one year before. The following exclusion criteria were

defined for the patient group: musculoskeletal disorders besides KOA, neurological disorders,

metabolic bone disease and pain or functional restrictions that would prevent patients from

taking part in physical examinations. Prior to taking part in the study all participants signed a

declaration of consent. The demographic and clinical characteristics of the participants are

provided (Table 1).

Experimental design and procedures

The study design encompassed one measurement point in time (two-hour session). Patients

were examined one day before total knee arthroplasty. Neuromuscular function of the quadri-

ceps muscle was measured unilaterally on the right leg of the control subjects and the affected

Neuromuscular function of the quadriceps muscle in knee osteoarthrosis patients
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side of the patients (right leg: n = 11 (55%)). Leg dominance was not controlled for in data

analyses; this might be a confounding factor. The data were collected by the same investigator.

Pain. Pain was investigated using a 10 cm visual analogue scale [39]. Participants were

asked to mark their perceived knee pain on a continuous horizontal scale whereby the very left

end indicated no pain (score 0) and the very right end (score 10) indicated unbearable pain.

Measurements included (i) the subjective knee pain score at rest in supine position and (ii)

pain present during measurements, i.e. while performing the simple reaction time task, IMVC,

isometric submaximal voluntary contractions and isometric submaximal fatiguing voluntary

contraction.

Joint position sense. Knee joint position sense was tested by measuring the subjects’ abil-

ity to actively reproduce a previously presented knee flexion angle. The joint repositioning test

was carried out by utilizing a custom-made splint modified according to Barrett et al. and Jer-

osch et al. [40, 41]. The splint consists of aluminium profiles (item, Industrietechnik GmbH,

Solingen, Germany) and well-cushioned surfaces for supporting the leg (Fig 1A). Subjects

lay in a supine position with one leg in the splint and the hip joint at 30˚. Lin et al. found a

between-session intrarater intraclass correlation coefficient (ICC) of 0.84 for the measurement

of joint position sense in supine position indicating moderate reliability [42]. The starting

position was defined at 70˚ knee flexion (0˚ = full extension). The subjects’ extension/flexion

axes of the knee were aligned with the axis of the splint. Measurements were carried out in a

quiet room without any auditive interference. Visual cues were eliminated by wearing a com-

pletely darkened safety goggle (MSA Auer GmbH, Berlin, Germany).

Knee angle was measured using a twin-axis electrogoniometer (SG 150, Biometrics Ltd,

Newport, United Kingdom). One endblock of the goniometer was placed on the aluminium

profile parallel to the longitudinal axis of the femur in line with the greater trochanter and the

lateral femoral condyle. The other end was applied to the skin with double-sided tape parallel

to the tibia in line with the fibular head and the lateral malleolus. Signals were amplified, band-

pass filtered (10–450 Hz) and digitized with the Telemyo 2400T G2 eight-channel EMG telem-

etry system (Noraxon Inc., Scottsdale, AZ, USA). Data were sampled at 3 kHz.

Table 1. Demographic and clinical subject characteristics.

Patient group (n = 20) Control group (n = 20) P

Age (yrs) 66.7 (8.8) 62.1 (6.2) 0.066†

Sex (men) 7.0 (35%) 5.0 (25%) 0.490

Weight (kg) 91.3 (17.4) 71.5 (14.3) < 0.001**

Height (m) 1.68 (0.10) 1.67 (0.10) 0.901

BMI (kg/m2) 32.5 (5.8) 25.4 (3.5) < 0.001**

Physical activity (h/week) 0.25 (0.64) 0.95 (1.20) 0.029*

Knee pain‡ during. . .

• rest 5.3 (2.4) 0.0

• simple reaction time task 2.0 (2.1) 0.0

• isometric maximum voluntary contractions 4.8 (2.7) 0.0

• isometric submaximal voluntary contractions 3.5 (2.4) 0.0

• isometric submaximal fatiguing voluntary contraction 3.7 (2.2) 0.0

Values are presented as means (standard deviation) or numbers (%)

Abbreviations: BMI, body mass index.

* denotes a significant difference between groups (** P � 0.010).
† denotes a statistical tendency towards a difference between groups (P � 0.100).
‡ visual analogue scale (0–10)

https://doi.org/10.1371/journal.pone.0176976.t001
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The shank was moved passively by an observer from the starting position at 70˚ knee flex-

ion to two different predetermined knee flexion angles (30˚ and 50˚). The respective target

angle was kept for 15 s and the subjects were instructed to concentrate on the position of the

leg in space and remember the specific position. Afterwards, the shank was returned to the

starting position and the subjects had to actively reproduce the previously presented knee

angle and hold the position for 5 s. The subjects performed one familiarization trial and five

test trials for each knee flexion angle in a random order with a rest interval of 15 s between the

trials. From each trial, the ascending and descending part of the angle signal as well as the first

15% and last 15% of the plateau phase were removed. Position accuracy was assessed as mean

absolute error (MAE) between the target and reproduced knee flexion angle.

Torque and EMG measurements. Torque and EMG recordings were performed during

(i) the simple reaction time task, (ii) IMVC, (iii) isometric submaximal voluntary contraction,

and (iv) isometric submaximal fatiguing voluntary contraction. Measurements were carried

Fig 1. Custom-made systems for measuring (A) joint position sense and (B) knee extension torque.

https://doi.org/10.1371/journal.pone.0176976.g001
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out in the sequence as described above. Fig 2 shows the order and parameters of torque and

EMG measurements.

The knee extension torque measurements were carried out using a custom-made measure-

ment system. It is designed according to the principle of a knee-extension machine and allows

the seating position to be individually adjusted (Fig 1B). The measurements were performed

unilaterally with the hip joint (90˚), ankle joint (90˚) and knee joint (60–70˚; 0˚ = full exten-

sion) all at constant angles. Velcro straps across the waist and shoulder prevented excessive

movements of the trunk. The shank was fixed to a panel 2–3 cm above the lateral malleolus.

The patients were instructed to fold their arms across their chests and to extend the leg isomet-

rically against the panel. The torque signal was captured with a KM40 force sensor (ME-Mess-

systeme GmbH, Hennigsdorf, Germany), preamplified (GSV3, ME-Messsysteme GmbH,

Hennigsdorf, Germany) and recorded at a sampling rate of 3 kHz with the Telemyo 2400T G2

EMG telemetry system. The signals were filtered using MATLAB (version R2012b; The Math-

Works, Inc., Natick, MA, USA): third-order Butterworth IIR low-pass filter (25 Hz). The tor-

que was calculated by multiplying the force to the length of the lever arm.

Surface EMG was recorded using bipolar EMG Ambu1 Blue Sensor N electrodes (2 cm

diameter). The electrodes were firmly attached to the shaved, abraded and cleaned skin over

the rectus femoris, vastus lateralis and biceps femoris. Electrical resistance between electrodes

was measured with a digital multimeter (MY-68, McVoice, Braunschweig, Germany) and was

kept below 5 kO. The electrodes were applied with a centre-to-centre distance of 2 cm over

the middle of the muscle bellies. The recording electrodes were in line with the presumed

Fig 2. Schematic illustration of the test protocol.

https://doi.org/10.1371/journal.pone.0176976.g002
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direction of the underlying muscle fibres and the reference electrode was attached to the

patella of the ipsilateral leg. Signals were amplified and digitized with the Telemyo 2400T G2

EMG telemetry system (sampling rate 3 kHz). The signals were filtered using MATLAB: (1)

third-order Butterworth IIR band-pass filter (10–450 Hz); (2) IIR notch filter (50 Hz).

Simple reaction time task. The subjects sat on the measurement system and faced a hori-

zontal black box (length 12 cm x height 6 cm) with two green light-emitting diodes (LEDs)

positioned 110 cm in front of them at eye level. The LEDs had a diameter of 2.7 cm and were

fixed 4.5 cm apart. For the measurement of simple reaction time, patients were instructed to

extend the leg isometrically as quickly and accurately as possible when both green LEDs lit up.

Thus, patients performed only very short contractions (duration: ~1 s) at low force levels. The

duration of the light stimulus was 1 s and the interstimulus interval varied randomly between

5 and 15 s. No familiarization was carried out. The patients performed ten test trials. Reaction

time, premotor time and motor time were analyzed. Reaction time was measured as the inter-

val between stimulus onset and the onset of motor response (torque onset). Premotor time

was defined as the time interval between stimulus onset and EMG onset and motor time was

measured as the time interval between EMG onset and torque onset [43]. Torque and EMG

onsets were identified manually, as described previously [44]. The mean value of the ten test

trials and the fastest trial were used for data analysis. Trials with anticipated and delayed

responses, i.e. premotor time outside the range of 100–500 ms, were excluded from the

analysis.

Isometric maximal voluntary contraction. The IMVT was measured by asking the sub-

jects to exert isometric maximal voluntary knee extensions against a panel for 3 s. The patients

were instructed to act as forcefully as possible and were given strong verbal encouragement

throughout the execution of the movement. An observer checked that the movement was per-

formed without any visible countermovement or pre-tension. The patients performed three to

five familiarization trials. When the coefficient of variation (CV) of three subsequent trials was

below 5% [45], three test trials were performed. The rest time between the trials was 1 min.

Subjects received feedback on their strength performance after each trial. The mean value of

the three test trials was used to determine IMVT and muscle activity. The EMG signals were

rectified, filtered and averaged (root mean square, RMS) over a 200 ms period at IMVT: 100

ms preceding and 100 ms following the IMVT (rectus femoris: RMS-EMG-RFIMVT; vastus

lateralis: RMS-EMG-VLIMVT; biceps femoris: RMS-EMG-BFIMVT) [46].

Isometric submaximal voluntary contraction. Subjects performed isometric voluntary

contractions for a duration of 12 s at three different submaximal torque levels: 20%, 40%, and

60% of IMVT. The target and actual torques were displayed as real-time visual feedback on a

19-inch monitor which was located 110 cm in front of the subject. The actual torque was pro-

vided as a vertical bar graph and the target torque as a horizontal line. Two trials were per-

formed at each torque level in random order with a minimum of 1 min rest interval between

the contractions.

From each trial, the ascending and descending parts of the torque signal were removed and

a period of 8 s in the middle of the isometric contraction, when the actual torque fluctuated

around the target torque, was analyzed [29]. Torque accuracy was expressed as MAE of the

actual torque relative to the target torque in percent of the target torque level [27, 28]. The

standard deviation (SD) and CV of the torque signal were calculated and represent the abso-

lute and relative torque fluctuation, respectively [29, 30]. The mean frequency (MNF) of the

torque signal was analyzed in order to estimate torque periodicity [31–33]. Furthermore,

RMS-EMG over a 1 s period in the middle of the 8 s period was normalized to their respective

RMS-EMGIMVT [47]. The mean value of the two test trials at each torque level was used for

data analysis.
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Isometric submaximal fatiguing voluntary contraction. Subjects performed a sustained

submaximal fatiguing voluntary contraction until task failure. Real-time visual feedback of the

target and actual torque was provided as a horizontal line and a vertical bar graph, respectively,

on a 19-inch monitor at a distance of 110 cm in front of the subjects. During the task, subjects

were asked to maintain a consistent torque at 40% of IMVT as long and as accurately as possi-

ble. The criterion for task failure was the inability to keep the torque within 10% of the target

torque for > 3 s, despite strong verbal encouragement. The time to task failure was analyzed.

Statistical analysis

Data were checked for normal distribution using the Kolmogorov-Smirnov test. Differences

between the groups were tested for significance with a chi-squared test (parameter: sex),

unpaired Student’s t tests (parameter: age, height, weight, BMI and physical activity) or ana-

lyzes of covariance (ANCOVA) adjusted for age, gender, weight and height (all parameters of

neuromuscular function). The level of significance was set at P� 0.050. All data were analyzed

using the SPSS statistical package 20.0 (SPSS Inc., Chicago, IL, USA). Data are provided in the

Supporting Information file (S1 Dataset). The effect size was calculated with G�Power (version

3.1.4.) and interpreted using Cohen’s classification: f = 0.10 small effect, f = 0.25 moderate

effect, f = 0.40 large effect [48]. Data are presented as adjusted mean values (adjusted SD) and

adjusted mean difference (95% confidence interval [95% CI]).

Furthermore, the intra-session reliability of IMVT was calculated using the two trials with

the highest peak torque. The typical error of measurement (TE) and coefficient of variation

(CV) were calculated to provide measures of absolute reliability, representing the degree of

variability in repeated measurements for a given individual (within-subject variation) [49]. A

CV of� 10% was defined as high reliability [50]. Relative reliability was estimated using the

ICC with 95% confidence level that represents the variation of the rank order of all the subjects

in a re-test [49]. ICC values were classified as follows: value� 0.90 were considered high, val-

ues between 0.80 and 0.90 as moderate and values� 0.80 as low [51]. Between-trial differences

were assessed with paired Student’s t tests. Data were analyzed using an Excel spreadsheet

developed by Hopkins [52] and the SPSS statistical package 20.0. Absolute and relative intra-

session reliability of IMVT was high, with ICC values of 0.99 and CV values below 5.2%. A

summary of the reliability data is given in Table 2.

Results

Joint position sense

The MAE during the knee joint repositioning test was significantly higher at 30˚ (99.3%) and

50˚ (147.9%) of knee flexion in patients than in controls (Table 3). Furthermore, an angle-spe-

cific difference in MAE was found; i.e. patients revealed a significantly higher MAE in 50˚

compared to 30˚ of knee flexion (mean difference: 3.68˚; 95% CI: 0.57 to 6.78; P = 0.023)

Table 2. Intra-session reliability of isometric maximal voluntary torque (N�m) of the knee extensors in knee osteoarthrosis patients (n = 20) and

healthy controls (n = 20).

Trial 1 Mean (SD) Trial 2 Mean (SD) Mean difference (95% CI) SDDiff TE (95%CI) CV (95% CI) ICC (95% CI)

Patient group 110.3 (58.5) 108.0 (58.5) -2.29 (-5.42 to 0.83) 6.68 4.72 (3.59 to 6.90) 5.20 (3.97 to 7.76) 0.99 (0.99 to 1.0)

Control group 162.6 (50.0) 162.1 (48.0) -0.52 (-4.55 to 3.51) 8.60 6.08 (4.63 to 8.89) 3.76 (2.84 to 5.53) 0.99 (0.97 to 0.99)

Abbreviations: SD, standard deviation; SDDiff, SD of the difference between trial 1 and 2; TE, typical error; CV, coefficient of variation; ICC, intra-class

correlation coefficient.

https://doi.org/10.1371/journal.pone.0176976.t002
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whereas no difference was found in the control group (mean difference: 0.81˚; 95% CI: -2.31 to

3.94; P = 0.592).

Simple reaction time task

No significant differences in reaction time, premotor time and motor time during the simple

reaction time task were found (Table 3).

Isometric maximal voluntary contraction

KOA patients produced significantly lower IMVT (-41.6%) accompanied by a tendentially

reduced RMS-EMG of the rectus femoris (-33.7%) than control subjects. No significant group

differences were found for the RMS-EMG of the vastus lateralis and biceps femoris (Table 4).

Isometric submaximal voluntary contraction

The MAE of the torque signal (torque accuracy) was tendentially higher in the patient group

by 65.9% at 20% of IMVT. No significant between-group differences were found at 40% and

60% of IMVT. The SD of the torque signal (absolute torque fluctuation) was significantly

reduced at all three torque levels in KOA patients, i.e. -37.9% at 20% of IMVT, -47.6% at 40%

of IMVT and -50.4% at 60% of IMVT. There were no significant differences in CV (relative

Table 3. Data of knee joint position sense and simple reaction time task in knee osteoarthrosis patients (n = 20) and healthy controls (n = 20).

Patient group Mean

(SD)‡
Control group Mean

(SD) ‡
Mean difference

(95% CI)

F P ηp
2 f Power

Joint position sense (˚)

• MAE 50˚ knee flexion 17.6 (7.1) 7.1 (7.0) 10.5 (5.0 to 16.0) 15.27 <
0.001**

0.323 0.691 0.989

• MAE 30˚ knee flexion 13.4 (7.7) 6.7 (7.5) 6.7 (0.8 to 12.6) 5.36 0.027* 0.143 0.408 0.709

Simple reaction time task (s)

Mean of 10 trials

• Reaction time 0.281 (0.072) 0.284 (0.074) -0.002 (-0.057 to 0.053) 0.01 0.929 <
0.001

<
0.032

<
0.054

• Premotor time rectus

femoris

0.211 (0.058) 0.208 (0.058) 0.003 (-0.041 to 0.047) 0.02 0.884 0.001 0.032 0.054

• Premotor time vastus

lateralis

0.220 (0.062) 0.222 (0.062) -0.002 (-0.047 to 0.043) 0.01 0.933 <
0.001

<
0.032

<
0.054

• Motor time rectus femoris 0.076 (0.045) 0.081 (0.045) -0.004 (-0.037 to 0.029) 0.07 0.798 0.002 0.045 0.059

• Motor time vastus

lateralis

0.061 (0.040) 0.068 (0.040) -0.007 (-0.035 to 0.022) 0.24 0.622 0.007 0.084 0.081

Fastest trial

• Reaction time 0.217 (0.049) 0.223 (0.049) -0.006 (-0.043 to 0.031) 0.11 0.743 0.003 0.055 0.063

• Premotor time rectus

femoris

0.158 (0.054) 0.159 (0.054) -0.022 (-0.040 to 0.037) 0.01 0.935 <
0.001

<
0.032

<
0.054

• Premotor time vastus

lateralis

0.171 (0.089) 0.150 (0.089) 0.021 (-0.019 to 0.062) 1.13 0.295 0.032 0.181 0.201

• Motor time rectus femoris 0.065 (0.358) 0.061 (0.358) 0.004 (-0.023 to 0.031) 0.09 0.763 0.003 0.055 0.063

• Motor time vastus

lateralis

0.051 (0.058) 0.071 (0.058) -0.021 (-0.062 to 0.020) 1.05 0.313 0.030 0.176 0.191

Abbreviations: MAE, mean absolute error.

* denotes a significant difference between groups (* P� 0.050; ** P� 0.010).
‡ Values are presented as estimated marginal means (standard deviation): ANCOVA adjusted for sex, weight, height and age.

https://doi.org/10.1371/journal.pone.0176976.t003
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torque fluctuation) between patients and controls. Compared to the control subjects, KOA

patients had 44.8% greater MNF (torque periodicity) at 60% of IMVT whereas no significant

differences between groups were found at 20% and 40% of IMVT. The results of torque accu-

racy, absolute and relative torque fluctuations and torque periodicity are displayed in Table 5

and Fig 3.

Between-group differences in muscle activity could be documented for the vastus lateralis

at 20% and 40% of IMVT with higher RMS-EMG values (70.8% and 33.3%, respectively) in the

patient group. However, biceps femoris RMS-EMG values were significantly lower in the

patient group at 20% and 40% of IMVT (-63.6% and -41.3%, respectively) and tendentially

lower at 60% of IMVT (-24.3%) (Table 4). Fig 4 shows example data sets from a patient during

20%, 40% and 60% of isometric maximal voluntary torque to illustrate the difference in torque

control between torque levels.

Isometric submaximal fatiguing voluntary contraction

KOA patients produced significantly shorter time to task failure (-51.1%) during sustained

submaximal fatiguing voluntary contraction than control subjects (Table 4).

Table 4. Data of isometric maximal, submaximal and submaximal fatiguing voluntary contractions in knee osteoarthrosis patients (n = 20) and

healthy controls (n = 20).

Patient group Mean

(SD) ‡
Control group Mean

(SD) ‡
Mean difference (95%

CI)

F P ηp
2 f Power

Isometric maximal voluntary contraction

• IMVT (N�m) 98.5 (51.8) 168.6 (51.8) -70.1 (-108.2 to -32.0) 13.99 0.001** 0.292 0.642 0.976

• RMS-EMG-RFIMVT (μV) 77.6 (54.0) 117.0 (54.0) -39.4 (-79.5 to 0.66) 4.00 0.054† 0.105 0.343 0.558

• RMS-EMG-VLIMVT (μV) 115.9 (83.3) 144.3 (83.3) -28.4 (-89.6 to 32,8) 0.89 0.352 0.026 0.163 0.171

• RMS-EMG-BFIMVT (μV) 26.8 (15.4) 20.5 (15.4) 6.3 (-5.0 to 17.6) 1.28 0.266 0.036 0.193 0.221

Isometric submaximal voluntary contraction (EMG-torque relationship)

RMS-EMG-RF (%

RMS-EMG-RFIMVT)

• 20% IMVT 24.9 (14.1) 19.2 (14.1) 5.7 (-4.7 to 16.1) 1.26 0.270 0.036 0.193 0.221

• 40% IMVT 39.6 (16.9) 36.0 (16.9) 3.7 (-8.8 to 16.1) 0.36 0.553 0.010 0.101 0.095

• 60% IMVT 59.8 (23.4) 57.8 (23.4) 2.0 (-15.2 to 19.2) 0.06 0.815 0.002 0.045 0.059

RMS-EMG-VL (%

RMS-EMG-VLIMVT)

• 20% IMVT 27.5 (10.0) 16.1 (10.0) 11.4 (4.1 to 18.8) 10.01 0.003** 0.227 0.542 0.915

• 40% IMVT 43.6 (13.6) 32.7 (13.6) 10.9 (0.9 to 20.9) 4.89 0.034* 0.126 0.380 0.646

• 60% IMVT 61.4 (17.6) 52.5 (17.6) 8.9 (-4.1 to 21.8) 1.94 0.172 0.054 0.239 0.312

RMS-EMG-BF (%

RMS-EMG-BFIMVT)

• 20% IMVT 19.3 (44.7) 53.0 (44.7) -33.8 (-66.6 to -0.9) 4.36 0.044* 0.114 0.359 0.597

• 40% IMVT 33.3 (28.3) 56.7 (28.3) -23.4 (-44.2 to -2.7) 5.27 0.028* 0.134 0.393 0.676

• 60% IMVT 50.9 (24.6) 67.2 (24.6) -16.3 (-34.4 to 1.8) 3.37 0.075† 0.090 0.314 0.489

Isometric submaximal fatiguing voluntary contraction

Time to task failure (s) 178 (251) 364 (251) -185 (-370 to -1) 4.17 0.049* 0.109 0.350 0.575

Abbreviations: IMVT, isometric maximal voluntary torque; RMS-EMG, root means square of the EMG signal; RF, rectus femoris; VL, vastus lateralis; BF,

biceps femoris; %RMS-EMG, RMS-EMG normalized to its respective RMS-EMG during IMVT.

* denotes a significant difference between groups (*P� 0.050; ** P � 0.010).
† denotes a statistical tendency towards a difference between groups (P � 0.100).
‡ Values are presented as estimated marginal means (standard deviation): ANCOVA adjusted for sex, weight, height and age.

https://doi.org/10.1371/journal.pone.0176976.t004
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Discussion

This study provides a contribution to the ongoing discussion about the neuromuscular mecha-

nisms of quadriceps muscle dysfunction in patients with KOA. It has been clearly shown that

IMVT and corresponding neuromuscular activation were reduced in end-stage KOA patients

compared with healthy control subjects. Furthermore, KOA patients revealed an impaired

position and torque control at submaximal torque levels, a modified EMG-torque relationship

and a diminished fatigue resistance. However, no group difference in reaction time task per-

formance was found.

Joint position sense–position control

The joint repositioning errors at 30˚ and 50˚ of knee flexion were more than twice as high in

patients compared with healthy subjects. This finding is broadly consistent with various stud-

ies that have reported impaired proprioceptive accuracy for joint position sense in KOA

patients [9]. The discharge of sensory receptors is modulated in and around the affected knee

joint mainly due to swelling, pain, inflammation, joint laxity and damage to joint afferents.

These modulations might induce changes in the central nervous system and thus activation of

the quadriceps muscle (for a review see Rice et al. 2010) [53], resulting in decreased accuracy

of torque generation and position sense [28].

Furthermore, an angle-specific difference in joint position sense between patients and con-

trol subjects was determined. Present results showed that patients produced greater error

when the knee was in a more flexed position. These findings are in contrast to the results of

Table 5. Data of torque control during isometric submaximal voluntary contractions in knee osteoarthrosis patients (n = 20) and healthy controls

(n = 20).

Mean difference (95% CI)‡ F P ηp
2 f Power

Torque accuracy (% target torque level)

• MAE 20% IMVT 1.98 (-0.14 to 3.78) 3.55 0.068† 0.094 0.322 0.508

• MAE 40% IMVT 0.23 (-0.70 to 1.15) 0.25 0.623 0.007 0.084 0.081

• MAE 60% IMVT 0.22 (-0.52 to 0.96) 0.37 0.547 0.011 0.105 0.099

Absolute torque fluctuation (N�m)

• SD 20% IMVT -0.33 (-0.65 to -0.02) 4.57 0.040* 0.119 0.368 0.617

• SD 40% IMVT -0.69 (-1.11 to -0.27) 11.16 0.002** 0.247 0.573 0.940

• SD 60% IMVT -1.19 (-1.99 to -0.39) 9.17 0.005** 0.212 0.519 0.890

Relative torque fluctuation (%)

• CV 20% IMVT 0.51 (-0.28 to 1.30) 1.72 0.198 0.048 0.225 0.281

• CV 40% IMVT -0.14 (-0.85 to 0.56) 0.17 0.682 0.005 0.071 0.072

• CV 60% IMVT -0.31 (-0.99 to 0.38) 0.82 0.372 0.024 0.157 0.161

Torque periodicity (Hz)

• MNF 20% IMVT 0.08 (-0.20 to 0.37) 0.37 0.550 0.011 0.105 0.099

• MNF 40% IMVT 0.15 (-0.21 to 0.51) 0.70 0.407 0.020 0.143 0.142

• MNF 60% IMVT 0.43 (0.08 to 0.78) 6.19 0.018* 0.154 0.154 0.427

Abbreviations: MAE, mean absolute error; IMVT, isometric maximal voluntary torque; SD, standard deviation; CV, coefficient of variation; MNF, mean

frequency.

* denotes a significant difference between groups (*P� 0.050; ** P � 0.010).
† denotes a statistical tendency towards a difference between groups (P � 0.100).
‡ ANCOVA adjusted for sex, weight, height and age.

https://doi.org/10.1371/journal.pone.0176976.t005
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Hortobagyi et al. [28] who found a greater repositioning error in more extended than flexed

knee angles in KOA patients.

The reason for these contrary results may be due to the varying test protocols for measure-

ment of joint position sense. Different protocols do not correlate well with each other and vari-

ations in protocol (e.g. sitting or lying position) seem to affect measurement outcome (for a

review see Knoop 2011 [9]). Compared to many other studies, we measured joint position

sense not in a sitting but in a lying position with a hip angle of 30˚. In a lying position, the

length of the biarticular rectus femoris muscle is increased compared to a sitting position

accompanied by differences in moment arm and gravitational torques acting on the quadri-

ceps muscle [12, 54]. Winter et al. have shown a high between-subject variability of the gradi-

ents of the rectus femoris force-length curves and speculated that this may require different

activation strategies to produce optimally coordinated movements [12]. Furthermore, the

results of van Ingen Schenau et al. suggest that motion and force-related feedback from periph-

eral afferents plays a more critical role in biarticular muscles [55]. It has been shown that dif-

ferent processes and sources of information are responsible for the control of mono- and

Fig 3. Torque control during 20%, 40% and 60% of isometric maximal voluntary torque (IMVT). (A) MAE, mean absolute error (torque accuracy),

(B) MNF, mean frequency (torque periodicity), (C) CV, coefficient of variation (relative torque fluctuation), and (D) SD, standard deviation

(absolute torque fluctuation). ANCOVA adjusted for sex, weight, height and age. * denotes a significant difference between groups (*P� 0.050; **
P� 0.010). † denotes a statistical tendency towards a difference between groups (P� 0.080).

https://doi.org/10.1371/journal.pone.0176976.g003
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biarticular muscles. Monoarticular muscles like the vastus medialis and vastus lateralis show

simple flexor and extensor activation patterns, whereas biarticular muscles like the rectus

femoris exhibit more flexible activation patterns and thus seem to play a greater role in the

fine-regulation of joint moments of the limb [55].

Reaction time task performance

Slow reaction times of the quadriceps muscle are associated with falls in older adults [14], but

there is little research regarding this issue in KOA patients. No significant differences between

patients and healthy controls in reaction time, premotor time and motor time were found,

suggesting that the ability to react to simple visual cues and generate an appropriate motor

response is not influenced by KOA. This finding is quite surprising as KOA is associated with

higher fall risk [13] which in turn has been linked to decreased reaction time in elderly subjects

[14].

Fig 4. Example data sets of the knee extension torque error (% target torque) and rectified EMG signals from a patient recorded during 20%, 40%

and 60% of isometric maximal voluntary torque (IMVT). MAE, mean absolute error; CV, coefficient of variation; SD, standard deviation; MNF, mean

frequency; RMS-EMG, root mean square of the EMG signal normalized to its respective RMS-EMG during IMVT.

https://doi.org/10.1371/journal.pone.0176976.g004
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Isometric maximal voluntary contraction–isometric maximal voluntary

force/torque and neuromuscular activation

Previous studies of patients with KOA have consistently observed quadriceps muscle strength

deficits of up to 48% [16–19]. The results of this study indicate a torque-deficit during IMVC

of 42% in patients with end-stage KOA. Quadriceps muscle weakness is attributed partly to

muscle atrophy and partly to AMI [20]. Morphological changes of the quadriceps muscle

include a selective atrophy of type II muscle fibres [56–58] resulting in a decrease in cross-sec-

tional area of up to 12% compared to healthy subjects [59], which may be primarily a conse-

quence of pain-related impaired physical mobility (disuse atrophy) [60]. There is further

evidence of structural modulations, such as neurogenic muscle atrophy, and muscle fiber

degeneration and regeneration [56]. Furthermore, changes in intra- and periarticular soft tis-

sues alter the discharge of sensory receptors, which induces modulations in the central nervous

system and the excitability of motor neurons [53, 61]. These modulations prevent the quadri-

ceps muscle from being fully activated [20, 53, 61], resulting in a persistent quadriceps muscle

weakness [16–19], which also promotes muscle atrophy [56, 59, 62, 63]. Consequently, quadri-

ceps muscle weakness is directly and indirectly affected by AMI (for a review regarding AMI

see Rice et al. 2010) [53]. The present data further indicate that lower IMVT was accompanied

by a tendency toward lower activity of the quadriceps muscle. This difference, however, re-

ached statistical significance only for the rectus femoris muscle. The data obtained are broadly

consistent with other studies that have shown lower values for rectus femoris and vastus med-

ialis muscle activity and no difference in vastus lateralis activity compared with healthy con-

trols [24, 25]. The reduction in EMG activity and muscle atrophy might be an adaptation to

long-term disuse of the affected leg due to KOA [64]. However, muscle activity of the quadri-

ceps muscle was also found to be higher in two different knee flexion angles (30˚ and 60˚) dur-

ing IMVC in KOA patients [23]. The small number of studies and the contradictory findings

indicate that further research on neuromuscular activation during IMVC is required.

Isometric submaximal voluntary contraction–force/torque control and

EMG-force/torque relationship

Our results show that the quality of torque production during isometric submaximal voluntary

contractions was impaired in KOA patients.

Firstly, KOA patients exhibit a tendency toward lower torque accuracy (MAE) at 20% of

IMVT whereas no differences were found at higher torque levels. These findings are partially

in line with a previous study on force control in KOA patients. Hortobagyi et al. have shown

that force accuracy is generally improved with increasing force level during dynamic contrac-

tions; however, no differences in MAE were found for isometric submaximal voluntary con-

tractions [28]. The most likely explanation for the varying results compared to the present

study is the application of different methods for the estimation of force/torque control. Horto-

bagyi et al. investigated force control during a force target-tracking task at two fixed force lev-

els (50 N and 100 N). However, these determined target forces did not represent the same

relative target forces in % of IMVC strength. The 50 N force level during isometric contrac-

tions corresponded to approximately 17% of IMVC strength in KOA patients and 10% of

IMVC strength in control subjects. At a target force of 100 N, patients produced around 33%

of IMVC strength and the control subjects 20%. Thus, these results should be interpreted with

caution, as the comparability between groups remains difficult.

Secondly, it has been found that absolute torque fluctuation (SD) increased with higher tar-

get torques and differed between patients and control subjects at all three torque levels. In con-

trast, Hortobagyi et al. revealed unimpaired absolute force fluctuation during isometric
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submaximal voluntary contractions in KOA patients [28]. These varying results might be

related to differences in the study protocol as discussed above. However, after absolute torque

fluctuation data were normalized to torque and expressed as CV, no significant group-differ-

ences were documented, i.e. patients and control subjects did not differ in the amplitude of

torque production. Only Smith et al. investigated relative force fluctuation in KOA patients;

however, during dynamic but not isometric contractions. The authors found higher CV values

at 50% of IMVC strength during concentric and eccentric voluntary contractions in patients

compared to controls [35]. Nevertheless, present data indicate that in both groups the CV

exhibits the greatest value at the low force level (20% IMVT) which is in line with findings in

healthy subjects (for a review see Enoka 2003) [30]. Furthermore, there is a slightly–yet not sig-

nificantly–higher CV in patients at 20% of IMVT. Differences in CV between young and

elderly subjects have been reported at very low force levels, i.e. 2%, 5% and 10% of IMVT [29].

Thus, it can be speculated that relative force fluctuation might be higher in KOA patients com-

pared to healthy controls at force levels lower than 20% of IMVT.

Thirdly, for the first time, the periodicity of the torque signal (MNF) was analyzed in KOA

patients, and the results indicate that patients realized the same amplitude of torque control at

60% of IMVT with a higher frequency, i.e. torque tracking at a higher torque level required

higher frequency responses.

Fourthly, the data indicate that more activity of the vastus lateralis is required to achieve

low and moderate torque levels (20% and 40% of IMVT) whereas antagonist muscle activity

was decreased at all torque intensities. Only Ling et al. and Berger et al. have evaluated muscle

activity, motor unit recruitment and rate coding strategies of the quadriceps muscle at differ-

ent submaximal force intensities [18, 26]. Ling et al. have shown that muscle activity of the vas-

tus medialis was significantly lower in KOA patients with a higher Kellgren-Lawrence grade

than in controls at 30% and 50% of IMVC whereas no significant differences were observed at

lower intensities (10% and 20% of IMVC). The authors further demonstrated that patients

with severe KOA recruited larger motor units (particularly at lower force levels) and a greater

number of motor units to achieve different submaximal force levels compared to controls [18].

Nevertheless, these findings contradict each other because lower muscle activity is usually an

indicator of reduced motor unit recruitment. In contrast, Berger et al. reported a recruitment

of larger motor units of the vastus medialis and a reduced firing rate at 20% of IMVC com-

pared to healthy age-matched controls [18, 26]. The varying results could be due to the use of

different methodologies for identifying motor units. However, the recruitment of larger motor

units at submaximal force levels possibly contributed to the greater muscle activity of the vas-

tus lateralis at 20% and 40% of IMVT in the patient group in the present study. A second expla-

nation for the altered EMG-torque relationship might be a differences in co-contraction of the

hamstring muscles which was found to be higher in KOA patients [17]. A higher antagonist

co-activation may require a greater activation of the agonist to produce the target force. Con-

versely, the present results indicate a lower biceps femoris activity. These results should, how-

ever, be viewed critically as an appropriate EMG normalization of the knee flexor muscle

activity to that obtained during maximum knee flexion contraction was not possible. The mea-

surement system can only be used for knee extension measurement. Thus, a meaningful evalu-

ation of co-contraction was not possible; this is a limitation of the present study.

Isometric submaximal fatiguing voluntary contraction–performance

fatigability

The time to task failure during isometric submaximal fatiguing voluntary contraction at 40%

of IMVT was twice as high in control subjects compared to KOA patients indicating a reduced
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fatigue resistance. To the best of our knowledge, only two studies have investigated perfor-

mance fatigability of the quadriceps muscle in KOA patients [37, 38]. Fisher et al. studied fati-

gability during a sustained maximal voluntary contraction and reported a decrease in force of

around 25% after a 90 s period [37]. Elboim-Gabyzon et al. analyzed the decrement in torque

production following ten repeated IMVCs between KOA patients and controls [38]. The

authors showed a reduction in IMVT of 14.4% in the involved leg and further demonstrated

that fatigability in the involved leg was significantly lower than in the contralateral leg which

was a quite unexpected finding. It was speculated that muscle fibre composition may differ

between the legs. Higher pain und reduced mobility of the involved leg due to KOA may cause

an asymmetric decline in type II fibres [56] resulting in a higher proportion of slow, fatigue-

resistant type I fibres in the involved leg.

However, despite possible higher proportion of fatigue-resistant type I fibres, performance

fatigability was increased in KOA patients. The cause of increased performance fatigability

is multifactorial and may arise not only because of peripheral modulations of the involved

muscles, but also because of changes in the central nervous system [65]. Research showed that

voluntary activation of muscles can be impaired during submaximal fatiguing voluntary con-

tractions [36, 66, 67]. It can be speculated that disease-related alterations of muscle afferent

firing modulates motoneuronal output and thus might contribute to a higher voluntary activa-

tion deficit resulting in increased fatigability [67].

Summing up the results, it can be concluded that fatigue resistance is impaired during iso-

metric submaximal voluntary contractions of the quadriceps muscle in KOA. However, fur-

ther research is required to clarify the neuromuscular mechanisms behind lower performance

fatigability.

Limitations

Post-hoc power analysis for non-significant and tendentially significant results revealed low

power coefficients (power < 0.80) indicating an increased risk of a type II error. The lack of

power, possibly related to small sample size, might be an alternative explanation for non-sig-

nificant findings. Tendentially significant differences could have been significant when the

study had been adequately powered.

Conclusion

The present study evaluated the underlying neuromuscular mechanisms of quadriceps muscle

dysfunction and provided important information for optimizing rehabilitation exercises for

the treatment of KOA. Neuromuscular function of the quadriceps muscle was impaired during

isometric maximal, submaximal and submaximal fatiguing voluntary contractions in patients

with end-stage KOA. The present data have shown that KOA is not only associated with a

deterioration of torque and neuromuscular activation during IMVC, but also with an impaired

position and torque control at submaximal torque levels, an altered EMG-torque relationship

and a higher fatigability of the quadriceps muscle. However, simple reaction time task perfor-

mance was not significantly different between KOA patients and healthy controls. On the basis

of the results of this study, it is recommended that the rehabilitation include strengthening and

fatiguing exercises at maximal and submaximal force levels during all stages of KOA in order

to improve function, reduce mobility limitations and slow progression of disease.
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