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Abstract 
About half of all chronic stroke patients experience loss of arm function coinciding with 

increased stiffness, reduced range of motion and a flexed wrist due to a change in neural and/or 

structural tissue properties. Quantitative assessment of these changes is of clinical importance, 

yet not trivial. The goal of this study was to quantify the neural and structural properties 

contributing to wrist joint stiffness and to compare these properties between healthy subjects 

and stroke patients. 

Stroke patients (n=32) and healthy volunteers (n=14) were measured using ramp-and-hold 

rotations applied to the wrist joint by a haptic manipulator. Neural (reflexive torque) and 

structural (connective tissue stiffness, optimal muscle lengths and slack lengths of connective 

tissue) parameters were estimated using an electromyography driven antagonistic wrist model. 

Kruskal-Wallis analysis with multiple comparisons was used to compare results between 

healthy subjects, stroke patients with modified Ashworth score of zero and stroke patients with 

modified Ashworth score of one or more. 

Stroke patients with modified Ashworth score of one or more differed from healthy controls 

(P<0.05) by increased tissue stiffness, increased reflexive torque, decreased optimal muscle 

length and decreased slack length of connective tissue of the flexor muscles.  

Non-invasive quantitative analysis, including estimation of optimal muscle lengths, enables to 

identify neural and non-neural changes in chronic stroke patients. Monitoring these changes in 

time is important to understand the recovery process and to optimize treatment. 

 

 

  

 

Introduction 
Movement disorders of central neurological origin, like stroke and cerebral palsy, are 

characterized by increased resistance to imposed movement in the relaxed condition. Increased 

joint stiffness can be of neural origin (hyperreflexia, “spasticity”) and/or non-neural, structural 

origin (altered tissue viscoelastic properties, “contracture”)1;2. Separation of joint stiffness into 

neural and non-neural contributions has gained much attention recently, both from technical 

and clinical research, resulting in new and promising instrumented methods2;3. The separation 

of joint stiffness into different components is important for treatment selection aiming to 

improve joint dexterity. In case of suspected neural origin, botulinum toxin may be 

administered4;5, while in case of suspected non-neural origin patients may benefit from 

corrective casting, splinting or surgical lengthening6-8. The use of an instrumented joint 

manipulator and an electromyography driven biomechanical model was successfully used 

previously to quantitatively discriminate joint stiffness into contributions from connective 

tissue viscoelasticity and stretch reflex activity in the ankle of patients with stroke9 and cerebral 

palsy10;11. 

About half of all stroke survivors experience loss of arm function12;13 often due to a flexed 

position of the wrist at the affected side due to developing contractures at about 0.5 degrees per 

week in the first 8 months post-stroke14. The origin of these contractures is not fully clear, but 

may be the result of reduced number of sarcomeres in series15-18 and/or shortened optimal 

sarcomere length17, increased stiffness of the extracellular matrix18, functional 

immobilization14;19 and co-activation synergies20. Biomechanically, these tissue changes mean 

a shift in slack length of the connective tissues and/or shift of the muscle force-length curve and 

a reduction of the optimal muscle length of the flexor muscles, i.e. the length of the muscle 

where it generates highest forces.  

In the acute and sub-acute phase post-stroke, quantification of neural and non-neural 

contributors to joint stiffness, including optimal muscle length and slack length of connective 

tissue, could help understanding the mechanism of (poor) recovery after stroke and 

characterization of changes over time using longitudinal observations21;22. Also the effect of 

therapies, like botulinum toxin, on the neural and non-neural parameters is not yet understood 

and should be measured to evaluate and optimize treatment23. 
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The goal of this study was to quantify the neural and non-neural contributions to wrist joint 

stiffness from both flexor and extensor muscles in a cohort of chronic stroke patients. The 

current model is an extended version of a previous ankle model9 now including an antagonistic 

pair of muscle elements to allow for property analysis of both wrist flexor and extensor muscle 

groups. Three demands were imposed to the model: The structure of the model should represent 

the (non-linear) joint physiology, the predicted torques should resemble the measured torques 

and the parameters should be sensitive to discriminate clinical different patients from healthy 

subjects. Optimal muscle lengths, slack muscle lengths, tissue stiffness and reflexive torques 

from both flexor and extensor muscles were estimated by model optimization and compared 

between healthy subjects, stroke patients with a modified Ashworth score of 0 (MAS = 0) and 

stroke patients with modified Ashworth score of one or more (MAS ≥ 1). We hypothesized an 

increase in tissue stiffness and reflexive torque and decrease of optimal muscle length and slack 

length of connective tissue of the flexor muscles in chronic stroke patients with modified 

Ashworth score of one or more (MAS ≥ 1). We addressed the validity and agreement of the 

method.   

 

Methods 
Subjects 

Instrumented ramp-and-hold (RaH) measurements at the wrist at rest were performed as part of 

the EXPLICIT-stroke study21;24;25. Exclusion criteria were neurological deficiencies additional 

to stroke, (prior) orthopedic problems in hand or shoulder and inability to comply with the 

protocol. Patients were measured on two occasions within a month. Healthy volunteers were 

measured as a reference group. The study was approved by the medical ethics committee of the 

Leiden University Medical Center. All participants gave their written informed consent prior to 

the experimental procedure. Measurements from fourteen healthy volunteers (mean age 49.4, 

SD 15.1 years), 21 chronic stroke patients with MAS = 0 (mean age 60.4, SD 13.1 years) and 

11 chronic stroke patients with MAS ≥ 1 (mean age 54.4, SD 12.7 years) were analyzed in this 

study. Subject characteristics are provided in Table 4.1. 

 

 
  

 

Table 4.1: Subject characteristics25 
 Healthy 

volunteers 

(n=14) 

Chronic patients 

MAS = 0 

(n = 21) 

Chronic patients 

MAS ≥ 1 

(n = 11) 

Age (years) (SD) 49.4 (15.1) 60.4 (13.1) 54.5 (12.7) 

Men (n) (%) 9 (64%) 10 (48%) 3 (27%) 

Right side dominant (n) (%) 13 (93%) 21 (100%) 8 (73%) 

Measured side dominant (n) (%) 14 (100%) 10 (48%) 4 (36%) 

Time between measurements (days) (SD) 27 (21) 18 (7) 29 (17) 

Time after stroke (months) (SD) - 30 (27.6) 53 (34.4) 

Age at moment of stroke (years) (SD) - 58 (13.1) 50 (14.5) 

Passive range of motion deg,(median 

min;max) 
138 (118; 148) 132 (100; 151) 100 (42; 133) 

 

Instrumentation 

The subjects were seated with their shoulder relaxed and elbow flexed in approximately 90°. A 

haptic wrist manipulator (Wristalyzer, 1 degree of freedom (dorsi- and plantar flexion), Moog, 

Nieuw Vennep, the Netherlands) was used (Figure 4.1). Forearm and hand were strapped to a 

cuff and handle respectively using Velcro straps. The rotation axis of the wrist joint was aligned 

visually to the rotation axis of the handle. Handle rotation was driven by a vertically positioned 

servo motor (Parker SMH100). Positive direction was assigned to flexion movement and 

extension torque. Muscle activation was recorded by bipolar surface electrodes 

(electromyography, EMG) using a Delsys Bagnoli 8 system (Delsys Inc., Boston MA, USA). 

Two bipolar electrodes were placed on the flexor carpi radialis (FCR) and two on the extensor 

carpi radialis (ECR) in order to have a good representation for the FCR and ECR activation26;27. 

EMG signals were sampled at 2048 Hz, online band pass filtered (20-450 Hz), rectified and 

low pass filtered (20 Hz, 3rd order Butterworth) to obtain the EMG envelope. The minimal EMG 

value (average of moving window of 0.06 sec) was subtracted from the total EMG to ensure 
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noise was minimal in the data. Wrist torque and joint angle were recorded at 2048 Hz and 

filtered with the same 20 Hz low pass 3rd order Butterworth filter. 

 

 
Figure 4.1: Experimental setup. The forearm and hand of the subject were fixed to the manipulator (Wristalyzer® 

by MOOG, the Netherlands). Ramp-and-hold rotations in flexion and extension were imposed to the wrist while 

the subject was instructed to remain relaxed and not react to the rotations. Wrist joint torque, angle and EMG of 

the FRC and ECR muscles were recorded. 

 

Measurement protocol 

Measurements were performed on the right wrist in healthy subjects and on the impaired wrist 

in patients. The range of motion (RoM) was determined as the difference between maximal 

flexion and extension angle resulting from an imposed slow changing torque ranging between 

2 Nm (extension torque) and –2 Nm (flexion torque). Subsequently, RaH rotations were 

imposed onto the wrist at a constant velocity over the full RoM. Two RaH trials were imposed 

per measurement. Each trial contained a fast ramp in 1 second in extension or flexion direction 

(named “extension fast” or “flexion fast”), two slow ramps in the opposite direction and three 

hold periods in between the ramps in which the position of the wrist stayed the same (Figure 

4.2). The directions of the ramps in the second trial were opposite to the first trial. The 

individually determined RoM in combination with the duration of the ramp (1 second) 

 

determined the velocity of the imposed perturbations. Subjects were asked to remain relaxed 

during the entire experiment and not to react to the wrist movement. 

 

 
Figure 4.2: Example of imposed angular rotation (bottom) and torque response with model fit (top row) for a 

healthy subject (left, “extension fast”, VAF=99.6%) and stroke subject with MAS=3 (right, “flexion fast”, 

VAF=99.8).  
 

Model description  

A biomechanical EMG driven antagonistic muscle model was used to predict wrist torque from 

wrist angle and EMG. The model was based on the ankle model from de Vlugt et al.9  and 

extended with a second Hill-type model to describe the passive and active force of the 

antagonist muscles.  

Wrist joint stiffness is described by: 

 

 𝑇𝑇𝑇𝑇���(𝑡𝑡𝑡𝑡) = 𝐼𝐼𝐼𝐼𝐼̈𝐼𝐼𝐼(𝑡𝑡𝑡𝑡) + 𝑇𝑇𝑇𝑇���(𝑡𝑡𝑡𝑡) − 𝑇𝑇𝑇𝑇����(𝑡𝑡𝑡𝑡)    (4.1) 

 

where t is the independent time variable [s], Tmod the modeled wrist reaction torque [Nm], 𝐼̈𝐼𝐼𝐼(t) 

the wrist angular acceleration [rad/s2], I the inertia of wrist and handle [kg.m2], Text the torque 

generated by the extensor muscles [Nm] and Tflex the torque generated by the flexor muscles 

[Nm]. 

Muscle torques (Tm) for extensor and flexor muscle are described by: 

 

, ,( , ) ( ( ) ( , , )) ( )m elas m act m m m m mT t F l F v l r        (4.2) 
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with Felas,m the elastic force of the parallel connective tissues [N], Fact,m the active or “reflexive” 

muscle forces [N] according to the Hill-type model, vm the muscle lengthening velocity [m/s], 

lm the muscle length [m], αm the active state [-] and )(mr  the angle dependent moment arm [m] 

of the tendon. 

The elastic components for the extensor and flexor muscles were modeled as follows: 

))((
,

,,)( mslackpmm llk
melas etF          (4.3) 

Where km is the estimated stiffness coefficient of the muscle and lp,slack,m the estimated slack 

length of the connective tissue. Muscle length lm for FCR and ECR equals: 

 

 *)(0, FCRFCRFCR rll         (4.4) 

 *)(0, ECRECRECR rll         (4.5) 

 

Where FCRl and ECRl  are the lengths of the muscle at each position  and 0,FCRl  and 0,ECRl the 

muscle length at zero degrees wrist angle position (handle in line with forearm). rm is the 

moment arm defined by Ramsay et al.28.  

The Hill-type muscle model was used to compute the muscle force from the active state and the 

muscle length and velocity according to: 

 

mmoptlmvmact llfvfF ),()( ,,        (4.6) 

 

with fv the force-velocity relationship and fl the force-length relationship. 

The optimal muscle lengths (lopt,m) were estimated using the model and used to derive the force-

length relationships by 

 

 

    mflmoptm wll
l ef ,

2
, /         (4.7) 

      

With wfl,m a shape factor. 

The complete model is described in the Appendix 4.   

The modeled force-length and force-velocity characteristics are shown in Figure 4.3 together 

with the modeled tissue and neural forces. In estimating the optimal muscle lengths, the active 

filament overlap component was decoupled from the passive component, i.e. the slack length 

of the muscle which is often assumed to be equal to the optimal muscle length29-31 was 

decoupled. The parameters of the wrist model that were optimized including the initial values 

and constraints are listed in Table 4.2.  

 

Table 4.2: Estimated model parameters and optimization parameters. 

Model wrist Description Initial value and [Min Max] of optimization 

M Mass (kg) 2 [0.5-5]   

kext, kflex  
Stiffness coefficients 

(1/m) 
240 [10 800] 230 [10 800]  

lp,slack,ext, lp,slack,flex 
Slack lengths of 

connective tissue (m) 
0.06 [-0.1 0.1] 0.04 [-0.1 0.1]            

Gext, Gflex 
EMG weighting 

factors (-) 
1*104 [1*100  1*1011]  (both muscles) 

f0 
Activation cutoff 

frequency (Hz) 
0.2 [0.01 10]  

lopt,ext, lopt,flex 
Optimal muscle 

lengths (m) 
0.070 [0.04 0.11] 0.063 [0.04 0.11] 

taurel 
Tissue relaxation 

time constant (s) 
0.9 [0 10]  

krel 
Tissue relaxation 

factor (-) 
1 [0 50]  

12 
(Number of 

parameters) 
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filament overlap component was decoupled from the passive component, i.e. the slack length 

of the muscle which is often assumed to be equal to the optimal muscle length29-31 was 

decoupled. The parameters of the wrist model that were optimized including the initial values 

and constraints are listed in Table 4.2.  

 

Table 4.2: Estimated model parameters and optimization parameters. 

Model wrist Description Initial value and [Min Max] of optimization 

M Mass (kg) 2 [0.5-5]   

kext, kflex  
Stiffness coefficients 

(1/m) 
240 [10 800] 230 [10 800]  

lp,slack,ext, lp,slack,flex 
Slack lengths of 

connective tissue (m) 
0.06 [-0.1 0.1] 0.04 [-0.1 0.1]            

Gext, Gflex 
EMG weighting 

factors (-) 
1*104 [1*100  1*1011]  (both muscles) 

f0 
Activation cutoff 

frequency (Hz) 
0.2 [0.01 10]  

lopt,ext, lopt,flex 
Optimal muscle 

lengths (m) 
0.070 [0.04 0.11] 0.063 [0.04 0.11] 

taurel 
Tissue relaxation 

time constant (s) 
0.9 [0 10]  

krel 
Tissue relaxation 

factor (-) 
1 [0 50]  

12 
(Number of 

parameters) 
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Figure 4.3: Example of model characteristics of a stroke patient (MAS = 0). Top panel: applied movement, second 

row: normalized force-length and force-velocity curves of the extensor (left) and flexor (right) muscles (grey lines) 

including the perturbed length and velocity domains by the red and green intervals. Bottom row: Tissue and neural 

forces from the extensor (left) and flexor (right) muscles.   
 

The predicted model torque (Tmod) was fitted to the measured wrist torque (Tmeas), except for 

the first second of the data to ensure data quality. Model parameters were estimated for the 

complete movement by minimizing the quadratic difference (error function) between the 

measured and predicted wrist torque using a non-linear least-square optimization algorithm 

(steepest descent, Matlab function lsqnonlin).  

The main estimated outcome measures used to characterize subjects were tissue stiffness at 

joint level (Kjoint), optimal muscle length (lopt,m), slack muscle length (lp,slack,m) and the reflexive 

torque (Treflex) determined for both the extensor and flexor muscle groups. The estimated 

reflexive torque was calculated by using the root mean square of the active muscle torque9. 

Tissue stiffness at joint level (Kjoint) was derived from the passive force-length relationship, see 

Appendix 4. For clinical comparison between subjects, Kjoint, was compared at the same wrist 

 

angle (comp) for all subjects. This angle was chosen at zero degrees, i.e. where the handle is in 

line with the forearm. 

Repeated measures were averaged for each subject in order to be able to compare groups of 

subjects. 

Simulation and analysis was performed in Matlab (The Mathworks Inc., Natick MA). 

 

Validity and agreement 

Model validity was assessed using the standard error of the mean (SEM) and variance accounted 

for (VAF). Validity of the measurements was determined by systematic error assessment. 

Agreement of measurement32 was determined by the minimal detectable change (MDC) and 

was used to assess clinical potential to discriminate pathological deviating parameters from 

normal values. 

  

Model fit and parameter confidence 

The standard error of the mean (SEM) represents the parameter confidence and is based on the 

sensitivity (first and second partial derivatives) of each parameter to the error function (Jacobian 

and Hessian respectively)9;33. High sensitivity, indicated by low SEM values, means that the 

parameter has substantial contribution to the error function. Model fit was indicated by the 

torque variance accounted for (VAF): 
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The VAF was estimated for each trial. Estimated torques with a VAF less than 98% were 

disregarded from group analysis.  
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Figure 4.3: Example of model characteristics of a stroke patient (MAS = 0). Top panel: applied movement, second 

row: normalized force-length and force-velocity curves of the extensor (left) and flexor (right) muscles (grey lines) 

including the perturbed length and velocity domains by the red and green intervals. Bottom row: Tissue and neural 

forces from the extensor (left) and flexor (right) muscles.   
 

The predicted model torque (Tmod) was fitted to the measured wrist torque (Tmeas), except for 

the first second of the data to ensure data quality. Model parameters were estimated for the 

complete movement by minimizing the quadratic difference (error function) between the 

measured and predicted wrist torque using a non-linear least-square optimization algorithm 

(steepest descent, Matlab function lsqnonlin).  

The main estimated outcome measures used to characterize subjects were tissue stiffness at 

joint level (Kjoint), optimal muscle length (lopt,m), slack muscle length (lp,slack,m) and the reflexive 

torque (Treflex) determined for both the extensor and flexor muscle groups. The estimated 

reflexive torque was calculated by using the root mean square of the active muscle torque9. 

Tissue stiffness at joint level (Kjoint) was derived from the passive force-length relationship, see 

Appendix 4. For clinical comparison between subjects, Kjoint, was compared at the same wrist 

 

angle (comp) for all subjects. This angle was chosen at zero degrees, i.e. where the handle is in 

line with the forearm. 

Repeated measures were averaged for each subject in order to be able to compare groups of 

subjects. 

Simulation and analysis was performed in Matlab (The Mathworks Inc., Natick MA). 

 

Validity and agreement 

Model validity was assessed using the standard error of the mean (SEM) and variance accounted 

for (VAF). Validity of the measurements was determined by systematic error assessment. 

Agreement of measurement32 was determined by the minimal detectable change (MDC) and 

was used to assess clinical potential to discriminate pathological deviating parameters from 

normal values. 

  

Model fit and parameter confidence 

The standard error of the mean (SEM) represents the parameter confidence and is based on the 

sensitivity (first and second partial derivatives) of each parameter to the error function (Jacobian 

and Hessian respectively)9;33. High sensitivity, indicated by low SEM values, means that the 

parameter has substantial contribution to the error function. Model fit was indicated by the 

torque variance accounted for (VAF): 
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The VAF was estimated for each trial. Estimated torques with a VAF less than 98% were 

disregarded from group analysis.  
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Assessment of systematic error 

A Wilcoxon signed rank test with significant level 0.05 was used to determine systematic errors 

between the measurements of two different visits.  

 

Clinical potential 

Using post-hoc analysis based on variance (Levene’s test) we observed significant higher 

parameter variances in stroke patients compared to controls for the tissue stiffness and reflexive 

torque of the FCR. Conform the analysis of25 we introduced an a priory subdivision of stroke 

patients based on MAS.  

Kruskal-Wallis one-way analysis of variance with multiple comparisons was used to compare 

stroke patients with modified Ashworth scores of 0 (MAS = 0) and greater than 0 (MAS ≥ 1) 

respectively with healthy subjects. The minimal detectable change (MDC)32;34 with confidence 

interval of 95% was calculated to identify deviated parameters i.e. parameters that are outside 

the range of mean value +/- MDC indicating that the observed value was not likely to be due to 

chance variation. Thus, values above the threshold of mean value +/- MDC were classified as 

“deviated” and can be used to identify pathological cases. 

 

For statistical analysis IBM SPSS statistics 22 and GraphPad Prism 6 was used. 
 

Results 
One patient was unable to comply with the protocol. All other trials (93 in “extension fast” 

direction and 93 in “flexion fast” direction were used to estimate model parameters, VAF and 

SEM values (Table 4.3). Twenty trials (10%, 5 (5%) in “extension fast” and 15 (16%) in 

“flexion fast” direction) were excluded for further analysis based on VAF values below 98% 

and in one case (1 of 93, “extension fast”) the input signal was corrupt. In only one (out of 45) 

subject, the parameters could not be estimated because the patient had low VAF values in both 

movement direction and for both trials. From all other subjects, through repeated trials in 

flexion and extension, data were available to estimate the relevant parameters. In total data from 

14 healthy subjects and 30 stroke were used for further analysis. Low VAF values may have 

originated from experimental artefacts e.g. poor fixation or misalignment or voluntary 

interaction with the passive protocol.  

 

Table 4.3: Model parameters (estimated value and standard error of the mean (SEM)) for all healthy subjects 
(A), stroke patients with MAS = 0 (B) and stroke patients with MAS ≥ 1(C). 

A 

Parameter 
Estimated Value* SEM* 

Extension fast Flexion fast Extension fast Flexion fast 

m (kg) 0.89 (0.65-1.1) 0.96 (0.73-1.1) 0.012 (0.0094-0.016) 0.015 (0.010-0.019) 

kext (1/m) 206 (164-313) 307 (227-441) 0.012 (0.0059-0.019) 0.023 (0.013-0.037) 

kflex (1/m) 211 (162-265) 218 (205-288) 0.0057 (0.0037-0.012) 0.0059 (0.0043-0.0097) 

lp,slack,ext, (m) 0.066 (0.058-0.072) 0.072 (0.065-0.076) 0.0045 (0.0028-0.0066) 0.0047 (0.0027-0.0082) 

lp,slack,flex (m) 0.048 (0.038-0.052) 0.047 (0.043-0.055) 0.0039 (0.0032-0.0072) 0.0044 (0.0026-0.0086) 

lopt,ext (m) 0.057 (0.050-0.066) 0.064 (0.054-0.072) 0.0066 (0.0031-0.025) 0.017 (0.0054-0.38) 

lopt,flex (m) 0.067 (0.051-0.078) 0.070 (0.060-0.090) 0.0083 (0.0050-0.020) 0.023 (0.0077-0.093) 

Taurel (s) 2.1 (0.79-3.5) 1.6 (0.74-4.0) 0.028 (0.010-0.058) 0.052 (0.018-0.14) 

krel (-) 0.65 (0.48-1.3) 1.1 (0.64-2.2) 0.0098 (0.0054-0.019) 0.022 (0.0086-0.050) 

Gext  (-) 5676 (1858-17038) 1756 (201-8411) 0.019 (0.0070-0.22) 0.025 (0.0041-0.27) 

Gflex (-) 15192 (5280-62793) 35866 (4764-112308) 0.071 (0.021-0.16) 0.22 (0.042-0.94) 

 f0 (Hz) 0.19 (0.062-0.52) 0.19 (0.072-0.67) 0.012 (0.0039-0.028) 0.019 (0.0042-0.067) 

* median, 25-75 percentile 

 

B 

Parameter 
Estimated Value* SEM* 

Extension fast Flexion fast Extension fast Flexion fast 

m (kg) 1.4 (1.0-2.0) 1.1 (0.72-1.6) 0.040 (0.022-0.052) 0.034 (0.021-0.053) 

kext (1/m) 207 (155-253) 244 (207-287) 0.019 (0.011-0.040) 0.025 (0.014-0.034) 

kflex (1/m) 204 (171-235) 215 (198-280) 0.010 (0.008-0.016) 0.011 (0.0076-0.019) 

lp,slack,ext, (m) 0.065 (0.056-0.070) 0.067 (0.062-0.073) 0.0092 (0.0050-0.016) 0.0084 (0.0053-0.013) 

lp,slack,flex (m) 0.046 (0.040-0.050) 0.048 (0.042-0.055) 0.0098 (0.0055-0.013) 0.0076 (0.0048-0.014) 

lopt,ext (m) 0.064 (0.053-0.084) 0.068 (0.058-0.095) 0.026 (0.011-0.11) 0.024 (0.012-0.14) 

lopt,flex (m) 0.059 (0.050-0.069) 0.064 (0.056-0.11) 0.0098 (0.0051-0.045) 0.022-0.0079-0.18) 

Taurel (s) 0.87 (0.57-1.2) 0.69 (0.47-1.5) 0.026 (0.012-0.037) 0.019 (0.014-0.060) 

krel (-) 0.95 (0.66-1.9) 1.3 (0.66-2.2) 0.025 (0.016-0.050) 0.037 (0.012-0.068) 

Gext  (-) 3285 (550-11671) 2147 (668-8556) 0.031 (0.0080-0.23) 0.040 (0.0092-0.19) 

Gflex (-) 12534 (5499-29479) 10440 (5908-32914) 0.050 (0.016-0.27) 0.087 (0.032-1.8) 

 f0 (Hz) 0.68 (0.14-1.3) 0.83 (0.22-2.0) 0.080 (0.031-0.12) 0.084 (0.037-0.18) 

* median, 25-75 percentile  
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Assessment of systematic error 

A Wilcoxon signed rank test with significant level 0.05 was used to determine systematic errors 

between the measurements of two different visits.  

 

Clinical potential 

Using post-hoc analysis based on variance (Levene’s test) we observed significant higher 

parameter variances in stroke patients compared to controls for the tissue stiffness and reflexive 

torque of the FCR. Conform the analysis of25 we introduced an a priory subdivision of stroke 

patients based on MAS.  

Kruskal-Wallis one-way analysis of variance with multiple comparisons was used to compare 

stroke patients with modified Ashworth scores of 0 (MAS = 0) and greater than 0 (MAS ≥ 1) 

respectively with healthy subjects. The minimal detectable change (MDC)32;34 with confidence 

interval of 95% was calculated to identify deviated parameters i.e. parameters that are outside 

the range of mean value +/- MDC indicating that the observed value was not likely to be due to 

chance variation. Thus, values above the threshold of mean value +/- MDC were classified as 

“deviated” and can be used to identify pathological cases. 

 

For statistical analysis IBM SPSS statistics 22 and GraphPad Prism 6 was used. 
 

Results 
One patient was unable to comply with the protocol. All other trials (93 in “extension fast” 

direction and 93 in “flexion fast” direction were used to estimate model parameters, VAF and 

SEM values (Table 4.3). Twenty trials (10%, 5 (5%) in “extension fast” and 15 (16%) in 

“flexion fast” direction) were excluded for further analysis based on VAF values below 98% 

and in one case (1 of 93, “extension fast”) the input signal was corrupt. In only one (out of 45) 

subject, the parameters could not be estimated because the patient had low VAF values in both 

movement direction and for both trials. From all other subjects, through repeated trials in 

flexion and extension, data were available to estimate the relevant parameters. In total data from 

14 healthy subjects and 30 stroke were used for further analysis. Low VAF values may have 

originated from experimental artefacts e.g. poor fixation or misalignment or voluntary 

interaction with the passive protocol.  

 

Table 4.3: Model parameters (estimated value and standard error of the mean (SEM)) for all healthy subjects 
(A), stroke patients with MAS = 0 (B) and stroke patients with MAS ≥ 1(C). 

A 

Parameter 
Estimated Value* SEM* 

Extension fast Flexion fast Extension fast Flexion fast 

m (kg) 0.89 (0.65-1.1) 0.96 (0.73-1.1) 0.012 (0.0094-0.016) 0.015 (0.010-0.019) 

kext (1/m) 206 (164-313) 307 (227-441) 0.012 (0.0059-0.019) 0.023 (0.013-0.037) 

kflex (1/m) 211 (162-265) 218 (205-288) 0.0057 (0.0037-0.012) 0.0059 (0.0043-0.0097) 

lp,slack,ext, (m) 0.066 (0.058-0.072) 0.072 (0.065-0.076) 0.0045 (0.0028-0.0066) 0.0047 (0.0027-0.0082) 

lp,slack,flex (m) 0.048 (0.038-0.052) 0.047 (0.043-0.055) 0.0039 (0.0032-0.0072) 0.0044 (0.0026-0.0086) 

lopt,ext (m) 0.057 (0.050-0.066) 0.064 (0.054-0.072) 0.0066 (0.0031-0.025) 0.017 (0.0054-0.38) 

lopt,flex (m) 0.067 (0.051-0.078) 0.070 (0.060-0.090) 0.0083 (0.0050-0.020) 0.023 (0.0077-0.093) 

Taurel (s) 2.1 (0.79-3.5) 1.6 (0.74-4.0) 0.028 (0.010-0.058) 0.052 (0.018-0.14) 

krel (-) 0.65 (0.48-1.3) 1.1 (0.64-2.2) 0.0098 (0.0054-0.019) 0.022 (0.0086-0.050) 

Gext  (-) 5676 (1858-17038) 1756 (201-8411) 0.019 (0.0070-0.22) 0.025 (0.0041-0.27) 

Gflex (-) 15192 (5280-62793) 35866 (4764-112308) 0.071 (0.021-0.16) 0.22 (0.042-0.94) 

 f0 (Hz) 0.19 (0.062-0.52) 0.19 (0.072-0.67) 0.012 (0.0039-0.028) 0.019 (0.0042-0.067) 

* median, 25-75 percentile 

 

B 

Parameter 
Estimated Value* SEM* 

Extension fast Flexion fast Extension fast Flexion fast 

m (kg) 1.4 (1.0-2.0) 1.1 (0.72-1.6) 0.040 (0.022-0.052) 0.034 (0.021-0.053) 

kext (1/m) 207 (155-253) 244 (207-287) 0.019 (0.011-0.040) 0.025 (0.014-0.034) 

kflex (1/m) 204 (171-235) 215 (198-280) 0.010 (0.008-0.016) 0.011 (0.0076-0.019) 

lp,slack,ext, (m) 0.065 (0.056-0.070) 0.067 (0.062-0.073) 0.0092 (0.0050-0.016) 0.0084 (0.0053-0.013) 

lp,slack,flex (m) 0.046 (0.040-0.050) 0.048 (0.042-0.055) 0.0098 (0.0055-0.013) 0.0076 (0.0048-0.014) 

lopt,ext (m) 0.064 (0.053-0.084) 0.068 (0.058-0.095) 0.026 (0.011-0.11) 0.024 (0.012-0.14) 

lopt,flex (m) 0.059 (0.050-0.069) 0.064 (0.056-0.11) 0.0098 (0.0051-0.045) 0.022-0.0079-0.18) 

Taurel (s) 0.87 (0.57-1.2) 0.69 (0.47-1.5) 0.026 (0.012-0.037) 0.019 (0.014-0.060) 

krel (-) 0.95 (0.66-1.9) 1.3 (0.66-2.2) 0.025 (0.016-0.050) 0.037 (0.012-0.068) 

Gext  (-) 3285 (550-11671) 2147 (668-8556) 0.031 (0.0080-0.23) 0.040 (0.0092-0.19) 

Gflex (-) 12534 (5499-29479) 10440 (5908-32914) 0.050 (0.016-0.27) 0.087 (0.032-1.8) 

 f0 (Hz) 0.68 (0.14-1.3) 0.83 (0.22-2.0) 0.080 (0.031-0.12) 0.084 (0.037-0.18) 

* median, 25-75 percentile  
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C 

Parameter 
Estimated Value* SEM* 

Extension fast Flexion fast Extension fast Flexion fast 

m (kg) 0.50 (0.50-1.5) 0.97 (0.50-1.4) 0.069 (0.035-0.090) 0.037 (0.026-0.061) 

kext (1/m) 253 (174-303) 220 (167-277) 0.028 (0.011-0.057) 0.023 (0.012-0.028) 

kflex (1/m) 167 (130-209) 178 (134-256) 0.0090 (0.0045-0.015) 0.0085 (0.0057-0.013) 

lp,slack,ext, (m) 0.066 (0.058-0.073) 0.064 (0.059-0.069) 0.0084 (0.0050-0.016) 0.0085 (0.0049-0.016) 

lp,slack,flex (m) 0.027 (0.012-0.035) 0.035 (0.019-0.044) 0.013 (0.0079-0.019) 0.0079 (0.0058-0.015) 

lopt,ext (m) 0.059 (0.042-0.11) 0.066 (0.054-0.10) 0.038 (0.015-0.077) 0.045 (0.014-0.18) 

lopt,flex (m) 0.054 (0.050-0.060) 0.057 (0.048-0.092) 0.0056 (0.0038-0.011) 0.0096 (0.0048-0.11) 

Taurel (s) 1.1 (0.81-1.9) 1.3 (0.87-2.2) 0.020 (0.014-0.032) 0.030 (0.019-0.043) 

krel (-) 2.2 (1.1-3.5) 1.4 (0.97-2.2) 0.031 (0.020-0.10) 0.029 (0.018-0.042) 

Gext  (-) 50920 (13062-125798) 12023 (3627-36043) 1.6 (0.35-5.9) 0.42 (0.11-1.8) 

Gflex (-) 15010 (7010-22856) 15134 (7540-26495) 0.045 (0.017-0.088) 0.044 (0.020-0.81) 

 f0 (Hz) 0.72 (0.29-1.0) 0.33 (0.20-0.56) 0.043 (0.022-0.10) 0.042 (0.024-0.071) 

* median, 25-75 percentile  

 

Validity and agreement 

Model fit and parameter confidence 

Estimated values of model parameters and SEM values are presented in Table 4.3 for “extension 

fast” and “flexion fast” direction for all healthy subjects and stroke patients with MAS = 0  and 

MAS ≥ 1, i.e. without excluding data based on low VAF values. The median VAF for the 

“extension fast” were 99.6 (interquartile range (IQR): 99.4 - 99.7)%, 99.5 (IQR: 98.9-99.8)% 

and 99.8 (IQR: 99.6-99.9)% for healthy subjects, patients with MAS = 0 and patients with MAS 

≥ 1 respectively and for “flexion fast” direction 99.3 (IQR: 98.1 - 99.7)%, 99.5 (IQR: 98.5-

99.7)%.and 99.8 (IQR: 99.7-99.9)%. Median SEM values were lower than 0.1, except for Gflex 

for “flexion fast” (0.22) for healthy subjects and Gext for both movement directions (1.6 and 

0.42) for patients with MAS ≥ 1.  

 

Assessment of systematic error 

We observed no significant differences for almost all outcome parameters between the 

measurements of two different visits based on the Wilcoxon signed rank test, indicating that no 

systematic error between measurements was present for these parameters. One exception was 

observed for the reflexive torque Treflex of the flexors in “flexion fast” direction (P=0.022). 

 

 

Clinical potential 

Figure 4.4 shows the results of the comparison between healthy controls and patients with MAS 

= 0 and MAS ≥ 1 score. Patients with MAS ≥ 1, MAS = 0 and healthy controls significantly 

differed for tissue stiffness, Kjoint (P=0.0023 “extension fast”; P=0.0020 “flexion fast”), 

reflexive torque, Treflex of the flexors (P=0.0011 “extension fast”; P=0.014 “flexion fast”), 

optimal muscle length, lopt of the flexors (P=0.047 “extension fast”) and slack muscle length, 

lp,slack  of  the flexors (P=0.0031 “extension fast”; P=0.0177 “flexion fast”) and extensors 

(P=0.020 for “flexion fast”). Multiple comparison showed significant differences between 

patients with MAS ≥ 1 and healthy controls for Kjoint (both movement directions), Treflex of the 

flexors (“extension fast”), lopt of the flexors and lp,slack  of the flexors (both movement directions) 

and extensors. Between MAS = 0 and MAS ≥ 1 significant differences were found for Kjoint 

(both movement directions), Treflex of the flexors (both movement directions) and lp,slack  of the 

flexors (“extension fast”). Healthy subjects and stroke patients with MAS = 0 did not differ.  

When using the MDC, ten patients had a deviated Kjoint value (≥3.13 Nm/rad, MDC=1.79 

Nm/rad) in “extension fast” direction, eight patients a deviated Kjoint (≥3.45 Nm/rad; 

MDC=2.34 Nm/rad) in the “flexion fast” direction and ten patients a deviated Treflex of the flexor 

muscles (≥ 0.72 Nm; MDC=0.457 Nm) in “extension fast” direction. Almost all of these 

patients had a MAS ≥ 1: 9 out of 10 for Kjoint in “extension fast” direction, 8 out of 8 for Kjoint 

in “flexion fast” direction and 8 out of 10 for Treflex of the flexors in “extension fast” direction. 

For the “extension fast” direction 9 out of 11 patients had an increased Kjoint together with an 

increased Treflex of the FCR. All patients that showed an increased Kjoint in the “flexion fast” 

direction had an increased Kjoint in the “extension fast” direction.  
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C 

Parameter 
Estimated Value* SEM* 

Extension fast Flexion fast Extension fast Flexion fast 

m (kg) 0.50 (0.50-1.5) 0.97 (0.50-1.4) 0.069 (0.035-0.090) 0.037 (0.026-0.061) 

kext (1/m) 253 (174-303) 220 (167-277) 0.028 (0.011-0.057) 0.023 (0.012-0.028) 

kflex (1/m) 167 (130-209) 178 (134-256) 0.0090 (0.0045-0.015) 0.0085 (0.0057-0.013) 

lp,slack,ext, (m) 0.066 (0.058-0.073) 0.064 (0.059-0.069) 0.0084 (0.0050-0.016) 0.0085 (0.0049-0.016) 

lp,slack,flex (m) 0.027 (0.012-0.035) 0.035 (0.019-0.044) 0.013 (0.0079-0.019) 0.0079 (0.0058-0.015) 

lopt,ext (m) 0.059 (0.042-0.11) 0.066 (0.054-0.10) 0.038 (0.015-0.077) 0.045 (0.014-0.18) 

lopt,flex (m) 0.054 (0.050-0.060) 0.057 (0.048-0.092) 0.0056 (0.0038-0.011) 0.0096 (0.0048-0.11) 

Taurel (s) 1.1 (0.81-1.9) 1.3 (0.87-2.2) 0.020 (0.014-0.032) 0.030 (0.019-0.043) 

krel (-) 2.2 (1.1-3.5) 1.4 (0.97-2.2) 0.031 (0.020-0.10) 0.029 (0.018-0.042) 

Gext  (-) 50920 (13062-125798) 12023 (3627-36043) 1.6 (0.35-5.9) 0.42 (0.11-1.8) 

Gflex (-) 15010 (7010-22856) 15134 (7540-26495) 0.045 (0.017-0.088) 0.044 (0.020-0.81) 

 f0 (Hz) 0.72 (0.29-1.0) 0.33 (0.20-0.56) 0.043 (0.022-0.10) 0.042 (0.024-0.071) 

* median, 25-75 percentile  

 

Validity and agreement 

Model fit and parameter confidence 

Estimated values of model parameters and SEM values are presented in Table 4.3 for “extension 

fast” and “flexion fast” direction for all healthy subjects and stroke patients with MAS = 0  and 

MAS ≥ 1, i.e. without excluding data based on low VAF values. The median VAF for the 

“extension fast” were 99.6 (interquartile range (IQR): 99.4 - 99.7)%, 99.5 (IQR: 98.9-99.8)% 

and 99.8 (IQR: 99.6-99.9)% for healthy subjects, patients with MAS = 0 and patients with MAS 

≥ 1 respectively and for “flexion fast” direction 99.3 (IQR: 98.1 - 99.7)%, 99.5 (IQR: 98.5-

99.7)%.and 99.8 (IQR: 99.7-99.9)%. Median SEM values were lower than 0.1, except for Gflex 

for “flexion fast” (0.22) for healthy subjects and Gext for both movement directions (1.6 and 

0.42) for patients with MAS ≥ 1.  

 

Assessment of systematic error 

We observed no significant differences for almost all outcome parameters between the 

measurements of two different visits based on the Wilcoxon signed rank test, indicating that no 

systematic error between measurements was present for these parameters. One exception was 

observed for the reflexive torque Treflex of the flexors in “flexion fast” direction (P=0.022). 

 

 

Clinical potential 

Figure 4.4 shows the results of the comparison between healthy controls and patients with MAS 

= 0 and MAS ≥ 1 score. Patients with MAS ≥ 1, MAS = 0 and healthy controls significantly 

differed for tissue stiffness, Kjoint (P=0.0023 “extension fast”; P=0.0020 “flexion fast”), 

reflexive torque, Treflex of the flexors (P=0.0011 “extension fast”; P=0.014 “flexion fast”), 

optimal muscle length, lopt of the flexors (P=0.047 “extension fast”) and slack muscle length, 

lp,slack  of  the flexors (P=0.0031 “extension fast”; P=0.0177 “flexion fast”) and extensors 

(P=0.020 for “flexion fast”). Multiple comparison showed significant differences between 

patients with MAS ≥ 1 and healthy controls for Kjoint (both movement directions), Treflex of the 

flexors (“extension fast”), lopt of the flexors and lp,slack  of the flexors (both movement directions) 

and extensors. Between MAS = 0 and MAS ≥ 1 significant differences were found for Kjoint 

(both movement directions), Treflex of the flexors (both movement directions) and lp,slack  of the 

flexors (“extension fast”). Healthy subjects and stroke patients with MAS = 0 did not differ.  

When using the MDC, ten patients had a deviated Kjoint value (≥3.13 Nm/rad, MDC=1.79 

Nm/rad) in “extension fast” direction, eight patients a deviated Kjoint (≥3.45 Nm/rad; 

MDC=2.34 Nm/rad) in the “flexion fast” direction and ten patients a deviated Treflex of the flexor 

muscles (≥ 0.72 Nm; MDC=0.457 Nm) in “extension fast” direction. Almost all of these 

patients had a MAS ≥ 1: 9 out of 10 for Kjoint in “extension fast” direction, 8 out of 8 for Kjoint 

in “flexion fast” direction and 8 out of 10 for Treflex of the flexors in “extension fast” direction. 

For the “extension fast” direction 9 out of 11 patients had an increased Kjoint together with an 

increased Treflex of the FCR. All patients that showed an increased Kjoint in the “flexion fast” 

direction had an increased Kjoint in the “extension fast” direction.  
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Discussion 

Neural and non-neural outcome parameters including optimal muscle length and slack length 

of connective tissue were quantitatively assessed for the wrist joint in a cohort of chronic stroke 

patients using an EMG driven antagonistic muscle model. High VAF values and low SEM 

illustrated the validity of the model approach. Differences in tissue stiffness, reflexive torque, 

optimal muscle length and slack length of connective tissues between patients with MAS score 

≥ 1 and healthy controls demonstrated clinical potential of the method.  

 

Validity and agreement 

We advocate the use of an EMG driven model because non-invasive techniques to estimate the 

physiological parameters are yet lacking. This imposes both the quest for validation and the 

implicit inability to do so. Three demands were imposed to the model: The structure of the 

model should represent the (non-linear) joint physiology, the predicted torques should resemble 

the measured torques and the parameters should be sensitive to discriminate clinical different 

patients from healthy volunteers.  

 

Model fit and parameter confidence 

The model structure was able to describe the relation between joint position and EMG input 

and the torque output as indicated by the high variance accounted for (VAF) of 98% or higher 

in 90% of the cases) in the healthy group and both stroke groups.  

The model contains 12 parameters. Sensitivity and the absence of parameter redundancy within 

the model were checked using the standard error of the mean (SEM). The estimation of the 

model parameters was sufficiently accurate indicated by the low SEM values (Table 4.3).  

The SEM for the gain factor Gflex for “flexion fast” (0.22) in healthy subjects and the SEM for 

the gain factor Gext in “extension fast” (1.6) and “flexion fast” (0.42) was largest. These scaling 

factors are essential in relating muscle activation with torque, but only relevant in case of 

sufficient (reflexive) activation, explaining the relatively high SEM for Gflex for the “flexion 

fast” direction and Gext for the “extension fast” direction.  
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Discussion 

Neural and non-neural outcome parameters including optimal muscle length and slack length 

of connective tissue were quantitatively assessed for the wrist joint in a cohort of chronic stroke 

patients using an EMG driven antagonistic muscle model. High VAF values and low SEM 

illustrated the validity of the model approach. Differences in tissue stiffness, reflexive torque, 

optimal muscle length and slack length of connective tissues between patients with MAS score 

≥ 1 and healthy controls demonstrated clinical potential of the method.  

 

Validity and agreement 

We advocate the use of an EMG driven model because non-invasive techniques to estimate the 

physiological parameters are yet lacking. This imposes both the quest for validation and the 

implicit inability to do so. Three demands were imposed to the model: The structure of the 

model should represent the (non-linear) joint physiology, the predicted torques should resemble 

the measured torques and the parameters should be sensitive to discriminate clinical different 

patients from healthy volunteers.  

 

Model fit and parameter confidence 

The model structure was able to describe the relation between joint position and EMG input 

and the torque output as indicated by the high variance accounted for (VAF) of 98% or higher 

in 90% of the cases) in the healthy group and both stroke groups.  

The model contains 12 parameters. Sensitivity and the absence of parameter redundancy within 

the model were checked using the standard error of the mean (SEM). The estimation of the 

model parameters was sufficiently accurate indicated by the low SEM values (Table 4.3).  

The SEM for the gain factor Gflex for “flexion fast” (0.22) in healthy subjects and the SEM for 

the gain factor Gext in “extension fast” (1.6) and “flexion fast” (0.42) was largest. These scaling 

factors are essential in relating muscle activation with torque, but only relevant in case of 

sufficient (reflexive) activation, explaining the relatively high SEM for Gflex for the “flexion 

fast” direction and Gext for the “extension fast” direction.  
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Assessment of systematic error 

There was no systematic error between measurements at two different visits except for the the 

reflexive torque, Treflex of the flexors in “flexion fast” direction, possibly due to varying muscle 

activity in stroke patients. This was confirmed by systematic error assessment between 

measurements of two different visits for Treflex of the flexors for healthy subjects (P=0.314) and 

stroke patients (P=0.033) separately. 

 

Clinical potential: Increased neural and structural contributors of joint stiffness in stroke 

Patients with MAS ≥ 1 differed from healthy controls in neural (Treflex) and non-neural or 

structural (Kjoint, lopt,m  and lp,slack,m) parameters. The decrease in optimal muscle length (lopt) and 

muscle slack length (lp,slack) of the flexor muscles indicates a shift in the active and passive 

force-length relationship. Functionally, this structural change implies a flexed joint rest position 

with a smaller RoM for the impaired wrist, the latter confirmed by a previous study on the same 

cohort25 where the authors found significant differences for the passive and active RoM 

between MAS ≥ 1 and both the MAS = 0 and healthy group. However, van der Krogt et al.25 

could not establish a significant change in the passive angle at rest (angle at zero torque), which 

could be explained by the influence of active components (e.g. muscle tone) which could have 

resulted in a rest angle comparable to healthy controls. 

When using the MDC, ten patients had a deviating tissue stiffness, Kjoint and ten patients had a 

deviating reflexive torque, Treflex of the flexor muscles in “extension fast” direction. Nine of 

these eleven patients with deviated outcome measures had a MAS score ≥ 1. One patient with 

MAS ≥ 1 (for flexor muscles) score showed tissue stiffness and reflexive torque values within 

the range observed in healthy subjects. Differences between patients in outcome measures 

indicate that there may be a large variety in the neural and non-neural characteristics in stroke 

patients as also shown by the variation in the MAS.  

Nine out of the eleven identified patients had an increased Kjoint together with an increased Treflex 

of the flexors. Increased values for both Kjoint and Treflex are comparable with results found for 

the ankle where Kjoint and Treflex were also both increased with elevated MAS9. This is in contrast 

with results in cerebral palsy where a large variation was found between the neural (reflexive 

torque of triceps surae) and structural (tissue stiffness of triceps surae) contributors of joint 

stiffness in the ankle10;11. This variation in the manifestation of neural and non-neural 

 

contributors suggests a different mechanism in development of increased joint stiffness in 

stroke and cerebral palsy. 

 

Estimation of optimal muscle length and slack muscle length 

Parameters represent physiology of subjects but these in vivo estimated parameters for lumped 

muscle groups cannot directly be related to muscular parameter values as muscle activation 

dynamics (slow and fast fibre types) and muscle structure (e.g. pennation angle, muscle and 

tendon) is not exactly represented. The goal of this model is to systematically discriminate 

neural contributions from secondary structural changes in connective and contractile tissue 

observed in patients with upper neuron motor diseases like stroke. The exact value for the 

outcome measures can be different with literature, but the values and changes need to be of the 

same order of magnitude.  

In literature an optimal fiber length of 0.064-0.099 m was reported for the ECR35-41 and 0.081 

m and 0.059 m for the ECR longus and brevis42-44. An optimal fiber length of 0.052-0.080 m 

was reported for the FCR35-42;44. A fiber length of 0.076 m and 0.048 m was reported for the 

ECRL and ECRB and 0.051 m for the FCR42. Our optimal length and slack length were in the 

same order of magnitude as the parameters in literature (median lopt of 0.061 m and 0.071 m for 

extensor and flexor muscles respectively;  median lp,slack  of 0.069 m for the extensors and 0.047 

m for the flexors).  

The estimated lopt and lp,slack  of the flexors of the MAS ≥ 1 group were smaller compared to the 

values for healthy controls indicating that the range the flexor can generate force is reduced and 

connective tissue is stiffer and shortened. By uncoupling the slack muscle length and optimal 

muscle length we allow the model to estimate the passive and active characteristics of the 

muscle independently. Physiologically, the parameters may be related. E.g. longer sarcomeres, 

i.e. less sarcomeres in series, result in higher passive stiffness through the intrinsic fiber skeletal 

properties. However, an increase in extracellular matrix stiffness, described in children with 

cerebral palsy18, results in a decoupled increase of passive stiffness: the slack muscle length 

becomes smaller while the optimal muscle length remains unchanged.  
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outcome measures can be different with literature, but the values and changes need to be of the 

same order of magnitude.  

In literature an optimal fiber length of 0.064-0.099 m was reported for the ECR35-41 and 0.081 

m and 0.059 m for the ECR longus and brevis42-44. An optimal fiber length of 0.052-0.080 m 
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same order of magnitude as the parameters in literature (median lopt of 0.061 m and 0.071 m for 
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connective tissue is stiffer and shortened. By uncoupling the slack muscle length and optimal 

muscle length we allow the model to estimate the passive and active characteristics of the 
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Clinical implication 

Patients with MAS ≥ 1 can be discriminated from healthy controls and patients with MAS = 0 

by neural and non-neural contributors of joint stiffness using the presented bidirectional EMG 

driven model describing the position and force signals including EMG obtained with a wrist 

manipulator at high temporal resolution. We now have a method to study longitudinal changes 

of the neuromuscular system and the effect of treatment, like botulinum toxin injections, on the 

different neural and non-neural contributors of joint stiffness. Individual stroke patients with 

deviated tissue stiffness and reflexive torque can be discriminated from healthy controls using 

the minimal detectable change (MDC). This method gives the clinician the opportunity to 

monitor the different components of joint stiffness in time and to adjust treatment in individual 

stroke patients. 

The mechanism of muscle shortening after an upper motor neuron disease is not yet 

understood16. Longitudinal observation of the neural and non-neural contributors of joint 

stiffness, including the estimation of parameters representing the optimal muscle length and 

slack length of connective tissue, in the acute and sub-acute phase post-stroke and during ageing 

in children with cerebral palsy, could be of great value to e.g. better understand the mechanism 

of development of structural changes after a neural lesion.  

 

Limitations 

The wrist was rotated over its full RoM in one second to approximate the clinical Ashworth 

test. Because RoM in patients was generally reduced, movement velocity for the stroke patients 

was lower as compared to the healthy group. As stretch reflexes are velocity dependent 

reflexive muscle forces in the patients may even have been underestimated compared to the 

observations in the healthy group.  

Optimal muscle length is a characteristic observable only in the active muscles, while the 

presented data are measured during a passive task. There was generally sufficient muscle 

activity present to estimate the optimal muscle length in a valid way as demonstrated by the 

SEM values (median SEM value <0.05 for optimal muscle length for all conditions). Additional 

active tasks should be considered to ensure sufficient muscle activation to estimate the optimal 

muscle length in all cases.  

 

10% of the trials were rejected based on VAFs lower than 98%. In only one (out of 45) subject, 

the parameters could not be estimated because the patient had low VAF values in both 

movement direction and for both trials. From all other subjects, in repeated trials in flexion or 

extension, data became available to estimate the relevant parameters. Repetition of trials is 

therefore recommended. The constraint of VAF to be larger than 98% in order to approve trials 

was quite strict to ensure sufficient quality of the model fits. Low VAF values may have 

originated from experimental artefacts or voluntary interaction with the passive protocol.  

In our model the moment arms and muscle lengths at zero degrees wrist angle position of the 

ECR longus and brevis are averaged which is a simplification of reality45.  Furthermore, as the 

torque measured is the result of all extensor and flexor muscles, the modeled extensor and flexor 

muscle elements are lumped descriptions of the wrist muscles affecting the wrist flexion and 

extension torques (e.g. extensor carpi ulnaris, flexor carpi ulnaris). The characteristics of the 

ECR and FCR were used as initial parameter values for the corresponding muscle elements. 

Pennation angles were not included in the model, i.e. pennation angles were defined zero and 

consequently muscle and fiber length were defined to be equal. Since pennation angle changes 

the relationship between muscle length and force, the outcome parameters may be biased by 

this assumption. However, as this is the case in all subjects, differences in optimal muscle length 

and slack muscle length, parameterized by lopt,m  and lp,slack,m are assumed to represent 

physiological adaptation of the neuromuscular system and although the model is a 

simplification of the wrist joint it appeared to be sensitive to evaluate changes after stroke.  

 

Conclusions 
The EMG driven model in combination with the applied ramp-and-hold movements in both 

patients and healthy controls enabled us to estimate parameters representing tissue stiffness, 

reflexive torques, optimal muscle lengths and slack muscle lengths of connective tissue at the 

wrist in rest. Patients with an elevated MAS (MAS ≥ 1) were distinguished from healthy 

controls and patients with MAS = 0. Patients with MAS ≥ 1 differed from healthy controls 

through increased tissue stiffness and reflexive torque and reduced optimal muscle length and 

slack length of flexor connective tissue. The differentiation of joint stiffness into different 

neural and structural components is essential for individualized treatment selection in patients 

with upper motor neuron diseases and will be of benefit to follow the disease in time in acute 
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and sub-acute stroke patients and during ageing in children with cerebral palsy. Validation 

remains a point of attention in future applications. Next studies will focus on the effect of 

botulinum toxin treatment in chronic stroke patients and the quantification of joint stiffness 

during the acute and sub-acute phase of stroke.  
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and sub-acute stroke patients and during ageing in children with cerebral palsy. Validation 

remains a point of attention in future applications. Next studies will focus on the effect of 

botulinum toxin treatment in chronic stroke patients and the quantification of joint stiffness 

during the acute and sub-acute phase of stroke.  
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Appendix 4: Wrist model 
The model structure was based on the ankle model from de Vlugt et al.1 and adapted to the 

neuromechanical characteristics of the wrist joint. The following structure aspects were added 

in the wrist model compared to the ankle model: Optimal muscle length parameters were 

estimated, the stiffness components were modeled for both flexor and extensor muscles making 

the model fully bi-directional and tissue relaxation was included. Model parameters are listed 

in Table 4.2. 

 

Wrist joint stiffness is described by: 

 

𝑇𝑇𝑇𝑇���(𝑡𝑡𝑡𝑡) = 𝐼𝐼𝐼𝐼𝐼̈𝐼𝐼𝐼(𝑡𝑡𝑡𝑡) + 𝑇𝑇𝑇𝑇���(𝑡𝑡𝑡𝑡) − 𝑇𝑇𝑇𝑇����(𝑡𝑡𝑡𝑡)    (A4.1) 

 

where t is the independent time variable [s], Tmod the modeled wrist reaction torque [Nm], 𝐼𝐼𝐼𝐼𝐼̈𝐼𝐼𝐼(𝑡𝑡𝑡𝑡) 

the wrist angular acceleration [rad/s2], I the inertia of wrist and handle [kg.m2], Text the torque 

generated by the extensor muscles [Nm] and Tflex the torque generated by the flexor muscles 

[Nm]. 

Muscle torques (Tm) for extensor and flexor muscle are described by: 

 

, ,( , ) ( ( ) ( , , )) ( )m elas m act m m m m mT t F l F v l r        (A4.2) 

 

with Felas,m the elastic force of the parallel connective tissues [N], Fact,m the active or “reflexive” 

muscle forces [N] according to the Hill-type model, vm the muscle lengthening velocity [m/s], 

lm the muscle length [m], αm the active state [-] and )(mr  the angle dependent moment arm [m] 

of the tendon. 

 

The ECR and FCR were used as representation of the extensor and flexor muscles. The moment 

arms [m] of the ECR and FCR muscles are dependent on the angular position of the joint and 

defined using the equations of Ramsay et al.2: 

 
3( ) 13.2040 1.5995   for  10   [x10 ]FCRr m       o    (A4.3) 

 

3
, ( ) 13.4337 2.1411   for  10   [x10 ]ECR brevisr m      o   (A4.4) 

3
, ( ) 11.7166 2.2850   for  10  [x10 ]ECR longusr m      o   (A4.5) 

2/))()(()( ,,  longusECRbrevisECRECR rrr      (A4.6) 

 

The ECR is in fact two separate muscles: the extensor carpi radialis longus and brevis. Since 

only a combined EMG signal can be measured the extensor moment arm is assumed to be the 

average of the two separate moment arms. Muscle length equals: 

 

 )(0, FCRFCRFCR rll         (A4.7) 

 )(0, ECRECRECR rll         (A4.8) 

 

Where FCRl and ECRl  are the lengths of the muscle at each position  and 0,FCRl  and 0,ECRl the 

muscle length at zero degrees wrist angle position (handle in line with the forearm). The zero 

muscle lengths are lFCR,0 = 6.3 cm and lECR,0 = 7.0 cm (average of ECR longus and brevis, 

optimal fiber lengths from3-5.  )(FCRr  and  )(ECRr  are the arc lengths of the tendon that 

stretches around the joint bone when the joint rotates about angle  6. Positive angles represent 

flexion, thus the flexor muscles shorten during flexion and the extensor muscles lengthen during 

flexion, and vice versa for extension.  

 

Inertia of hand and the handle is modeled as a point mass m [kg] at distance la (fixed at 0.1 m) 

from the axis of rotation: 

 
2
aI ml  [kg.m2]       (A4.9) 

 

The elastic components for the extensor and flexor muscles were modeled as follows: 

 

))((
,
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Appendix 4: Wrist model 
The model structure was based on the ankle model from de Vlugt et al.1 and adapted to the 

neuromechanical characteristics of the wrist joint. The following structure aspects were added 

in the wrist model compared to the ankle model: Optimal muscle length parameters were 

estimated, the stiffness components were modeled for both flexor and extensor muscles making 

the model fully bi-directional and tissue relaxation was included. Model parameters are listed 

in Table 4.2. 
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where t is the independent time variable [s], Tmod the modeled wrist reaction torque [Nm], 𝐼𝐼𝐼𝐼𝐼̈𝐼𝐼𝐼(𝑡𝑡𝑡𝑡) 

the wrist angular acceleration [rad/s2], I the inertia of wrist and handle [kg.m2], Text the torque 

generated by the extensor muscles [Nm] and Tflex the torque generated by the flexor muscles 

[Nm]. 

Muscle torques (Tm) for extensor and flexor muscle are described by: 
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with Felas,m the elastic force of the parallel connective tissues [N], Fact,m the active or “reflexive” 

muscle forces [N] according to the Hill-type model, vm the muscle lengthening velocity [m/s], 

lm the muscle length [m], αm the active state [-] and )(mr  the angle dependent moment arm [m] 

of the tendon. 

 

The ECR and FCR were used as representation of the extensor and flexor muscles. The moment 

arms [m] of the ECR and FCR muscles are dependent on the angular position of the joint and 

defined using the equations of Ramsay et al.2: 

 
3( ) 13.2040 1.5995   for  10   [x10 ]FCRr m       o    (A4.3) 
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The ECR is in fact two separate muscles: the extensor carpi radialis longus and brevis. Since 

only a combined EMG signal can be measured the extensor moment arm is assumed to be the 

average of the two separate moment arms. Muscle length equals: 

 

 )(0, FCRFCRFCR rll         (A4.7) 

 )(0, ECRECRECR rll         (A4.8) 

 

Where FCRl and ECRl  are the lengths of the muscle at each position  and 0,FCRl  and 0,ECRl the 

muscle length at zero degrees wrist angle position (handle in line with the forearm). The zero 

muscle lengths are lFCR,0 = 6.3 cm and lECR,0 = 7.0 cm (average of ECR longus and brevis, 

optimal fiber lengths from3-5.  )(FCRr  and  )(ECRr  are the arc lengths of the tendon that 

stretches around the joint bone when the joint rotates about angle  6. Positive angles represent 

flexion, thus the flexor muscles shorten during flexion and the extensor muscles lengthen during 

flexion, and vice versa for extension.  

 

Inertia of hand and the handle is modeled as a point mass m [kg] at distance la (fixed at 0.1 m) 

from the axis of rotation: 

 
2
aI ml  [kg.m2]       (A4.9) 

 

The elastic components for the extensor and flexor muscles were modeled as follows: 
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Where km is the estimated stiffness coefficient of the muscle and lp,slack,m the estimated slack 

length of the connective tissue. Muscle connective tissue under tension exhibits relaxation or 

force decrease7-9, which is modeled by a first order filter, according to: 

 

)(
1

1)( ,, sF
ks

ssF melas
relrel

rel
melas 






     (A4.11) 

 

with rel the estimated tissue relaxation time constant and relk the estimated tissue relaxation 

factor. In the previous version of the model by de Vlugt et al.1 tissue relaxation was 

approximated by a viscous damper.    

For clinical comparison between subjects, tissue stiffness at joint level, Kjoint, was compared at 

the same wrist angle (comp) for all subjects. This angle was chosen at zero degrees, i.e. where 

the handle is in line with the forearm. 

 

)(2)(
int,

,,,
compm

llk
mmjo rekK mslackpcompmm   for comp = 0 degrees   (A4.12) 

 

where lm,comp is the muscle length at comp. Eq. (A4.12) was obtained by differentiation of Eq. 

(A4.10) with respect to muscle length and multiplied by the squared moment arm. The total 

tissue stiffness at joint level was derived by summation of the stiffness from both muscles: 

 

joint joint,ext joint,flexK K K        (A4.13) 

 

Neural muscle activity for the extensors and flexors due to stretch reflexes was estimated from 

corresponding EMG signals according to: 

 

 

)()( tEMGGtU mmm                    (A4.14) 

 

with U the excitation input to the muscle model [1/Volt]; Gm the dimensionless EMG weight 

scaling factor and EMGm the average of the recorded EMG signal values of both muscle 

electrodes.  

The neural excitations of both muscles were filtered with a linear second order filter to describe 

the activation process of a contracted muscle1: 
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       (A4.15) 

 

αm is the dimensionless active state of the muscle, mf ,00 2   the estimated cut off frequency 

of the activation filter, s the Laplace operator denoting the first time derivative and βm the 

relative damping. 

The Hill-type muscle model was used to compute the muscle force from the active state and the 

muscle length and velocity according to: 

 

mmoptlmvmact llfvfF ),()( ,,        (A4.16) 

 

with fv the force-velocity relationship and fl the force-length relationship. The optimal muscle 

lengths (lopt,m ) were estimated using the model and used to derive the force-length relationships 

by 
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Where km is the estimated stiffness coefficient of the muscle and lp,slack,m the estimated slack 

length of the connective tissue. Muscle connective tissue under tension exhibits relaxation or 

force decrease7-9, which is modeled by a first order filter, according to: 
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with rel the estimated tissue relaxation time constant and relk the estimated tissue relaxation 

factor. In the previous version of the model by de Vlugt et al.1 tissue relaxation was 

approximated by a viscous damper.    

For clinical comparison between subjects, tissue stiffness at joint level, Kjoint, was compared at 

the same wrist angle (comp) for all subjects. This angle was chosen at zero degrees, i.e. where 

the handle is in line with the forearm. 
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where lm,comp is the muscle length at comp. Eq. (A4.12) was obtained by differentiation of Eq. 

(A4.10) with respect to muscle length and multiplied by the squared moment arm. The total 

tissue stiffness at joint level was derived by summation of the stiffness from both muscles: 

 

joint joint,ext joint,flexK K K        (A4.13) 

 

Neural muscle activity for the extensors and flexors due to stretch reflexes was estimated from 

corresponding EMG signals according to: 
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with U the excitation input to the muscle model [1/Volt]; Gm the dimensionless EMG weight 

scaling factor and EMGm the average of the recorded EMG signal values of both muscle 

electrodes.  

The neural excitations of both muscles were filtered with a linear second order filter to describe 

the activation process of a contracted muscle1: 
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αm is the dimensionless active state of the muscle, mf ,00 2   the estimated cut off frequency 

of the activation filter, s the Laplace operator denoting the first time derivative and βm the 

relative damping. 

The Hill-type muscle model was used to compute the muscle force from the active state and the 

muscle length and velocity according to: 

 

mmoptlmvmact llfvfF ),()( ,,        (A4.16) 

 

with fv the force-velocity relationship and fl the force-length relationship. The optimal muscle 

lengths (lopt,m ) were estimated using the model and used to derive the force-length relationships 

by 
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With wfl,m a shape factor defined as: 

   

                     2
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with cf the shape parameter of the force-length relationship with value 0.1 to resemble the force-

generating range of the FCR and ECR10;11. The maximum shortening velocity was 8 times the 

optimal muscle length12, the maximum eccentric force was 1.5 times the isometric force and 

the isometric force was normalized to 1 because the force had been scaled by the weighting 

factors G.  
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