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Research context  

This thesis fits in the research field of pediatric rehabilitation at the Faculty of Rehabilitation 

sciences and Physiotherapy at Hasselt University and REVAL Rehabilitation research group 

(BIOMED). It is part of the ongoing research line of Prof. dr. K. Klingels, focusing on upper limb 

function in children with cerebral palsy (CP), in collaboration with the Department of 

Rehabilitation Sciences at KU Leuven (Prof. H. Feys) and Adelante Valkenburg (Prof. Dr. E. 

Rameckers). Specifically, this study will focus on muscle fatigability in children with unilateral 

CP (UCP). So far, the amount of literature about upper limb muscle fatigability in children with 

UCP is limited1,2,3. Most of the published articles have shown inconclusive results and have 

not investigated the impact of muscle fatigability on activity level4,5,6. As it may be 

hypothesized that muscle fatigability, together with muscle weakness, impact children’s 

functional level, it is essential to determine the relationship between muscle fatigability and 

body function and activity measures. These insights can result in new developments in 

targeted interventions and thus further optimize treatment implementations.  

The design of this study was determined by Prof. dr. K. Klingels. The two master students 

Rehabilitation Sciences and Physiotherapy of Hasselt University actively participated in a two 

week therapy camp in Diepenbeek investigating the effects of constraint-induced movement 

therapy (CIMT) and action observation therapy (AOT) for children with UCP. Besides, they 

assisted the researchers of KU Leuven with the clinical assessments of these children. The pre-

assessment data from the therapy camps between 2014 and 2017 were used for this cross-

sectional study. L. Brauers and C. Simon Martinez converted all data to a usable and clear 

dataset. The two students performed the statistical analyses, interpreted and discussed the 

results to form a conclusion. Proofreading and supervision was performed by promotor Prof. 

dr. K. Klingels and copromotor L. Brauers. 

1. Eken, M. M., Dallmeijer, A. J., Doorenbosch, C. A., Dekkers, H., Becher, J. G., & Houdijk, H. 
(2014). Assessment of muscle endurance of the knee extensor muscles in adolescents with 
spastic cerebral palsy using a submaximal repetitions-to-fatigue protocol. Arch Phys Med 
Rehabil, 95(10), 1888-1894. doi:10.1016/j.apmr.2014.05.010 

2. Eken, M. M., Dallmeijer, A. J., Houdijk, H., & Doorenbosch, C. A. (2013). Muscle fatigue during 
repetitive voluntary contractions: a comparison between children with cerebral palsy, 
typically developing children and young healthy adults. Gait Posture, 38(4), 962-967. 
doi:10.1016/j.gaitpost.2013.05.004 
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3. Moreau, N. G., Li, L., Geaghan, J. P., & Damiano, D. L. (2008). Fatigue resistance during a 
voluntary performance task is associated with lower levels of mobility in cerebral palsy. Arch 
Phys Med Rehabil, 89(10), 2011-2016. doi:10.1016/j.apmr.2008.03.012 

4. Brauers, L., Geijen, M. M., Speth, L. A., & Rameckers, E. A. (2017). Does intensive upper limb 
treatment modality Hybrid Constrained Induced Movement Therapy (H-CIMT) improve grip 
and pinch strength or fatigability of the affected hand? J Pediatr Rehabil Med, 10(1), 11-17. 
doi:10.3233/prm-170406 

5. Doix, A. C., Gulliksen, A., Braendvik, S. M., & Roeleveld, K. (2013). Fatigue and muscle 
activation during submaximal elbow flexion in children with cerebral palsy. J Electromyogr 
Kinesiol, 23(3), 721-726. doi:10.1016/j.jelekin.2012.12.005 

6. van Meeteren, J., van Rijn, R. M., Selles, R. W., Roebroeck, M. E., & Stam, H. J. (2007). Grip 
strength parameters and functional activities in young adults with unilateral cerebral palsy 
compared with healthy subjects. J Rehabil Med, 39(8), 598-604. doi:10.2340/16501977-0095 
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Does muscle fatigability impact on upper limb function and activity measures in children 

with unilateral cerebral palsy?  

BACKGROUND: Children with unilateral cerebral palsy (UCP) not only experience muscle 

weakness, spasticity and impaired control but also muscle fatigability. However, studies 

exploring the impact of muscle fatigability on body function and activity measures in children 

with UCP are currently lacking.   

OBJECTIVES: (1) To gain insights into muscle fatigability according to anthropometric 

characteristics; (2) to investigate the relation between muscle fatigability and upper limb 

impairments; (3) to study the impact of muscle fatigability on activity measures in children 

with UCP.  

PARTICIPANTS: Forty-one children with UCP (25 males, 16 females; mean age 9 years, 5 

months (SD 1 year 11 months); range 6-15 years) met the inclusion criteria. According to the 

Manual Ability Classification System (MACS), eight children were classified as level I, 14 as 

level II and 19 as level III.   

MEASUREMENTS: To measure muscle fatigability, a sustained contraction during 30 seconds 

with a digital JAMAR dynamometer was performed. Afterwards the static fatigue index (SFI) 

was calculated. According to body functions, passive range of motion, muscle tone, grip 

strength, muscle strength and sensory function were measured. The Jebsen-Taylor Test of 

Hand Function, Abilhand-Kids, Melbourne Assessment and Assisting Hand Assessment were 

used to evaluate unimanual capacity and bimanual performance.  

RESULTS: The mean SFI of the affected hand (AH) and non-affected hand (NAH) of the total 

group were 51.75% (SD 16.50%) and 46.54% (SD 11.16%) respectively (p=0.007). SFI 

correlated fairly with grip strength (rp=─0.43, p=0.005), shoulder muscle strength (rs=─0.50, 

p=0.001), total muscle strength (rp=─0.32, p=0.044) and stereognosis (rs=─0.38, p=0.018). For 

activity measures, only Abilhand-kids correlated significantly with SFI (rp=−0.31, p=0.05). 

Shoulder muscle strength and stereognosis were significant predictors, explaining 33.60% of  

variance in SFI.  

CONCLUSION: Our findings suggest that shoulder muscle strength and stereognosis are fairly 

related to muscle fatigability in children with UCP. No correlations were found for most of the 

activity measurements.  
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Introduction 
 

Cerebral palsy (CP) is defined as a group of permanent disorders of the development of 

movement and posture, causing activity limitations, that are attributed to non-progressive 

disturbances occurring in the developing fetal or infant brain1. The motor disorders of CP are 

often accompanied by disturbances of sensation, perception, cognition, communication, 

behavior or seizures1. The prevalence of CP in Europe is approximately three per 1000 

newborns. Unilateral CP (UCP) occurs in 29% to 44% of these children2,3,4.  

 

In children with UCP, increased muscle tone and weakness in the distal muscles are the most 

noticeable motor impairments in the upper limb5. According to sensory function, children 

with UCP in particular experience deficits in stereognosis and two-point discrimination5,6,7. 

These motor and sensory impairments result in difficulties in upper limb activities like eating, 

drinking or carrying objects8. Nevertheless, children with UCP not only experience weakness, 

spasticity and impaired control but also fatigability9,10,11. Muscle fatigability can be defined as 

a reduction in muscle force-generating capacity in the neuromuscular system that occurs 

during prolonged or ongoing activity12. It may be hypothesized that besides adequate 

strength levels, also the ability to sustain a muscle contraction is important in daily life 

activities13. However, insights in muscle fatigability and its impact on activity measures in 

children with UCP are currently lacking. 

 

The inability to produce and sustain sufficient muscle strength may be both centrally, as well 

as peripherally originated in this population14. Centrally originated deficits are related to the 

inadequate recruitment of motor neurons by the central nervous system. This results in poor 

coordination between agonist and antagonist muscle activation and altered patterns of 

muscle recruitment15. On peripheral level, research has shown that children with CP have 

more type 1 fibers and less type 2 fibers compared to typically developing children16. Also, 

children with CP have reduced cross-sectional area of spastic muscles, increased elastic 

modulus and sarcomere length, muscle fiber atrophy and increased levels of intramuscular 

fat and connective tissue. This results in impaired grip-lift force synergies and increased force 

variability which may lead to inaccurate daily life movements17,18,19.  

 

So far, the amount of literature about muscle fatigability in children with UCP is limited20,21,22. 

Only three studies have investigated muscle fatigability in the upper limbs in individuals with 
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UCP and reported conflicting results23,24,25. In the study of van Meeteren et al. (2007), young 

adults with UCP showed less maximum grip strength, coordination and endurance in both 

hands compared to healthy young adults25. On the contrary, Doix et al. (2013), found no 

difference in endurance time and electromyogram (EMG) median frequency slope between 

adolescents with UCP and typically developing (TD) adolescents during an isometric elbow 

flexion. They only found a decrease in EMG-amplitude in adolescents with UCP24. Higher EMG-

amplitude is the result of increasing amounts of recruited motor units. This indicates impaired 

motor unit recruitment occurring in adolescents with CP26. The conflicting results in these 

studies could be explained by the differences in methodology in quantifying muscle 

fatigability and the small sample sizes. Finally, an intervention study from Brauers et al. (2017) 

investigated the effects of Hybrid-Constrained Induced Movement Therapy (H-CIMT) on grip 

and pinch strength and fatigability. They found a significant increase in pinch strength of the 

affected hand and a tendency towards a decrease in muscle fatigability during the pinch test 

in children with UCP23.  

 

In patients with multiple sclerosis (MS), upper limb muscle fatigability has been studied more 

extensively. Studies showed its impact on ADL, participation and quality of life27,28,29. In this 

population, muscle fatigability has been calculated by the ‘’Static Fatigue Index’’. This index is 

quantified during a 30 seconds maximum isometric grip strength task and is defined as the 

ratio between the area under the curve and the hypothetical area under the curve if no 

strength loss would occur. The index has proven to be valid and reliable in patients with 

MS27,30.  

 

In conclusion, research on muscle fatigability in the upper limb in children with UCP is limited 

and the conflicting results and small sample sizes necessitate further research. Moreover, 

cross-sectional studies exploring the relation between muscle fatigability and body function 

and activity measures are currently lacking. Therefore, the objectives of this study were 1) To 

gain insights into muscle fatigability according to anthropometric characteristics; 2) to 

investigate the relation between muscle fatigability and other upper limb impairments, and 

3) to study the impact of muscle fatigability on activity measures in children with UCP. These 

insights are crucial to predict the child’s functional level and may help in optimizing individual 

treatment interventions.  
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Method 

Participants 

Forty-one children with UCP were recruited at the University Hospital Pellenberg in Leuven, 

Belgium between 2014 and 2017. Inclusion criteria were: 

       1) Confirmed diagnosis of UCP; 

       2) Aged between 6 and 15 years;  

       3) Sufficiently cooperative to comprehend and complete the test procedures; 

       4) Minimal ability to actively grasp and stabilize an object with the more impaired hand.  

 

Children were excluded if they underwent a surgical procedure in the upper limb two years 

prior to testing or Botulinum toxin injections within the last 6 months prior testing. The 

protocol was approved by the Ethical Committee of the KU Leuven (METC trialnr. ML9913) 

and the University of Maastricht (METC trialnr. 015095). An informed consent was signed by 

the parents.  

 

Procedure  

Characteristics of the children such as age, sex, affected side and the Manual Ability 

Classification System (MACS)31 were obtained. Children were tested at the University Hospital 

Pellenberg by two well-trained physiotherapists.  

 

Static Fatigue Index and grip strength 

Muscle endurance and maximal grip strength was measured with the digital JAMAR handgrip 

dynamometer (E-link, Biometrics Ltd, Newport, UK). All children were measured in the same 

standardized position. They were seated on a chair with back support and feet flat on the 

ground. The elbow was placed in 90° flexion with the forearm supported on the table in 

neutral position between supination and pronation. The wrist was in a neutral position 

between flexion and extension. The children were asked to squeeze as hard as possible for 

maximal three seconds. Three trials were performed with a rest of 30 seconds between the 

different trials. The mean maximal force of each child was used for analysis. Grip strength of 

the affected hand (AH) showed high inter-rater and test-retest reliability in children with UCP, 

respectively ICC 0.95 and 0.9632.  
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To measure muscle fatigability, the children performed a maximal contraction during 30 

seconds. The children were asked to squeeze the Jamar dynamometer for 30 seconds as hard 

as possible. They were verbally encouraged and received visual feedback about the remaining 

test time. Afterwards the static fatigue index (SFI) was calculated. This index is based on the 

assumption that the maximum force is reached in the first 10 seconds and after this point 

muscle fatigability can be measured. According to this assumption, the absolute peak force 

(kgs) and the time to peak moment (TPM) was determined first. Secondly, the hypothetical 

area under the curve (HAUC) was defined. The HAUC (area B and C) represents the curve that 

is obtained when the participant keeps its force constant for 30 seconds and is calculated by 

multiplying the maximal handgrip strength (in kg) with 30 minus time of maximal hand grip 

strength (Tmax). Thereafter the actual area under the curve (AUC) was calculated. This 

calculation is based on the area under the force-time curve from Tmax to 30s (area C). SFI was 

calculated as follows: SFI = 100% × (1 −  
C

B+C 
 ). The SFI calculations were performed using 

Matlab (MathWorks Matlab version 2017b). A decrease in maximal grip strength over time 

results in higher levels of SFI percentage, which indicates higher muscle fatigability. In Figure 

1, a schematic overview of the strength-time curve shows the different areas to calculate the 

SFI. A pilot study from Brauers L. showed a moderate test-retest reliability for the SFI of the 

handgrip dynamometer with ICC 0.73 in the AH and ICC 0.72 in the non-affected hand (NAH)33. 

 
     

 

 

 

 

 

 

 

 

 

 

   

 

 

 

Figure 1: Static Fatigue Index: strength-time curve during 
isometric contraction of 30s: the fatigue index is based on the 
area under the curve (C) and the hypothetical area under the 
curve (B+C)33. 
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Body function measurements 

To investigate upper limb impairments, passive range of motion (PROM), muscle tone, grip 

strength, muscle strength and sensory function were measured. 

Passive range of motion (PROM) of the shoulder (anteflexion, abduction, external 

rotation, internal rotation), elbow (extension, supination), wrist (extension) and fingers 

(thumb adduction and extension in proximal and distal interphalangeal joints) was measured 

with a universal goniometer. Data were converted to dichotomous scores, where score 0 and 

1 corresponds to ‘no movement limitation’ and ‘a deficit of 10° or more’ respectively. A total 

score (0-10) as well as subscores for the muscle groups of the shoulder (0-4), elbow (0-2), 

wrist and hand (0-4) were calculated.  

The modified Ashworth Scale (MAS) was used to grade the level of spasticity on a 6-

point scale, ranging from 0 to 434. Following muscle groups were evaluated: shoulder 

abductors, adductors, extensors, internal- and external rotators; elbow flexors, extensors and 

pronators; wrist flexors and extensors; finger flexors and thumb abductors. A total score was 

calculated (0-48) as well as muscle groups of the shoulder (0-20), elbow (0-12) and wrist and 

hand (0-16).  

Manual muscle testing (MMT) was used to determine muscle strength of the shoulder 

flexors, abductors and adductors; elbow extensors, flexors, supinators and pronators and 

wrist extensors and flexors. This is an 8-point ordinal scale ranging from 0 to 535. A total score 

was calculated (0-45) as well as subscores for the muscle groups of the shoulder (0-15), elbow 

(0-20) and wrist (0-10). 

 To assess sensory function, four modalities were evaluated: exteroception, 

proprioception, two-point discrimination (TPD) and stereognosis. Exteroception was 

examined by assessing tactile sense of the index finger, thumb and hand palm. The examiner 

lightly touched three times each site. The child was asked to reply ‘yes’ each time a stimulus 

was felt. Proprioceptive sense was examined by moving the distal index finger, the child was 

asked to respond immediately if motion was perceived. When small amplitudes were not felt, 

larger amplitudes were used. Both modalities were scored on a 3-level-scale, where score 0 

means absent, score 1 reduced and score 2 normal. First the NAH was measured and 

thereafter the AH. An aesthesiometer was used to evaluate the TPD. The distal phalanx of the 

index finger was tested. In five consecutive trials, the minimal distance in millimeters (mm) at 

which the child could correctly distinguish one or two discrete points was reported. Following 
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scoring criteria were applied: less or equal than 5 mm corresponds with score 2, between 6 

and 10 mm score 1 and more than 10 mm score 0. Stereognosis was evaluated by recognizing 

and identifying six different objects through tactile manipulation. If all objects where 

recognized with the affected hand a score 2 was given. A score 1 means recognizing 4 or 5 out 

of 6 objects and score 0 if less than 3 objects were recognized.  

For all these motor and sensory assessments, Klingels et al. (2010) showed a moderate to very 

high interrater and test-retest reliability in children with UCP32. 

 

Activity level measurements  

To evaluate the activity level, the Jebsen-Taylor Test of Hand Function (JTTHF), Abilhand-Kids, 

Melbourne Assessment of Unilateral Upper Limb Function (MUUL) and the Assisting Hand 

Assessment (AHA) were used.  

The Jebsen-Taylor Test of Hand Function is used to measure speed and dexterity in 

functional tasks. This test includes six timed tasks to evaluate speed in each hand36. This test 

has a very high interrater reliability and has shown to be responsive in children with CP37.  

The Melbourne Assessment-2 is an unilateral qualitative evaluation tool which 

measures the capacity of the AH. The test evaluates different functions like manipulation, 

grasping, reaching and releasing. Fourteen tasks are filmed and then scored via four items on 

a 3 or 5-level-scale38. The test has shown a high internal consistency, test-retest- intra- and 

interrater reliability38.  

The bimanual performance was measured with the Assisting Hand Assessment, version 

4.4 or 5.0. The spontaneous use of the AH was evaluated on 4-level-scale39 in several items 

such as the general use, use of the arms, grasping and releasing, fine-motor adjustments, 

coordination and speed. Raw scores were converted to logit-based 0-100 AHA units40. This 

test is a valid and has an excellent inter- and intrarater reliability41.  

The performance of activities in daily life was evaluated with the Abilhand-Kids 

Questionnaire, which contains 21 mainly bimanual activities for which parents score the 

difficulty on a 3-level-scale (impossible, difficult or easy to perform)42. Raw scores were 

converted to logits. High levels of reliability and validity were shown for these outcome 

measures43.  
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Statistical analysis 

The general and clinical characteristics of the subjects were documented using descriptive 

statistics. Data distribution was tested by the Shapiro-Wilk test. The data of grip strength AH 

and JTTHF were not normally distributed, therefore a logarithmic transformation was 

performed. Descriptive statistics (mean values and standard deviation (SD)) and one-way 

analysis of variance (ANOVA) were applied to determine differences between the MACS 

levels. In case of significant differences between groups, post-hoc Holm-Bonferroni tests were 

performed. To investigate the correlation between muscle fatigability and age, upper limb 

impairments and activity measures, correlation coefficients were calculated. Depending on 

the type of the data Spearman’s rank (rs) correlations or Pearson correlations (rp) were used. 

Following criteria were considered: correlation coefficients >0.70: high association, 0.50 – 

0.70: good association, 0.30 - 0.50: fair association, <0.30: weak or no association44. The 

significant correlations were entered in a stepwise multiple linear regression model to 

determine which parameters could explain muscle fatigability. The level of statistical 

significance was set at p < 0.05. All statistical analyses were conducted using IBM SPSS 

Statistics V25.0 software. 
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Results 

Participants  

Forty-one children diagnosed with UCP (25 boys, 16 girls; 24 left-side affected, 17 right-side 

affected) were included in this study. Mean age was 9 years 5 months (SD 1 year 11 months). 

MACS-level II and III were most common, respectively 14 (34%) and 19 (46%) children. Eight 

(20%) children had MACS-level I.  

 

Static Fatigue Index and grip strength  
 

Descriptive characteristics 

Descriptive statistics of the SFI and grip strength are shown in Table 1.  

The mean SFI of the AH for the boys and girls were 49.45% (SD 17.15%) and 55.34% (SD 

15.26%) respectively (p = 0.271). For the total group children, the mean SFI of the AH was 

significantly higher than the NAH, with mean (SD) values of 51.75% (16.50%) and 46.54% 

(11.16%) (p = 0.007). The mean ratio for SFI of the AH to the NAH was 111% (SD 25%). There 

was no significant correlation between SFI and age for the AH (rs = ─0.23, p = 0.141) (Figure 

2A). However, the SFI of the NAH was significantly correlated with age (rs = −0.32, p = 0.045), 

with younger children showing higher muscle fatigability.  

The mean grip strength of the AH for the boys and girls were 4.92 kg (SD 3.14 kg) and 4.89 kg 

(SD 3.12 kg) (p = 0.894).The mean grip strength of the AH and NAH for the total group children 

was respectively 4.91 kg (SD 3.09 kg) and 13.50 kg (SD 4.93 kg) (p < 0.0001). The mean ratio 

for grip strength of the AH to the NAH was 40% (SD 20%). For grip strength and age, a 

significant positive correlation was found for AH and NAH, respectively rs = 0.51 (p = 0.001) 

and rs = 0.68 (p < 0.001) (Figure 2B). 
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Table 1: . 
Descriptive statistics of the Static Fatigue Index and grip strength.  
 

 
 
 
AH 
NAH 
p-valuea 

 

Boys (N= 25) 
Girls (N= 16)  
p-valueb 

 

MACS I (N= 8) 
MACS II (N= 14)  
MACS III (N=9) 
p-valueb 

 

SFI (%)  
 

Grip strength (kg)  
 Mean (SD)  Mean (SD) 

 
51.75 (16.50) 
46.54 (11.16) 
0.007 
 
49.45 (17.15) 
55.34 (15.26) 
0.271 
 
53.71 (8.80) 
47.41 (16.04) 
54.12 (19.15) 
0.490 
 

 
4.91 (3.09) 
13.50 (4.93) 
<0.0001 
 
4.92 (3.14) 
4.89 (3.12) 
0.894 
 
7.84 (3.81) 
5.50 (3.12) 
3.24 (1.24) 
< 0.0001 
 

SFI, Static Fatigue Index; SD, standard deviation; AH, Affected hand; NAH, Non-affected hand; N, total number of children; MACS, Manual Ability 
Classification System; 
a paired samples statistics 
b one-way analysis of variances (ANOVA) 

 

 

Comparison between MACS levels  

Figure 3A-B and Table 1 presents mean values and SD of grip strength and SFI across the 

different MACS levels. The highest mean SFI was found in MACS III (54.12%, SD 19.15%). The 

SFI of MACS I and II were 53.71% (SD 8.80%) and 47.41% (SD 16.04%) respectively. However, 

one-way analysis of variance showed no significant differences between all levels (p = 0.490). 

For grip strength, significant differences were found (p < 0.0001). Post-hoc analyses showed 

significant differences between MACS I and III (p < 0.0001) and MACS II and III (p = 0.019). 

Figure 2A: Scatter plot Static Fatigue Index affected 

hand (%) by age (years).   

Figure 2B: Scatter plot grip strength affected hand 

(kg) by age (years). 

 

r = -0.23 r = 0.51 



15 
 

Children in MACS III showed lower levels of grip strength compared with MACS I and II, 

indicating that grip strength decreases as limitations in manual ability increase.  

 

 

 

Relationship between SFI and body function 

Appendix 1 shows an overview of descriptive values of the outcome measures at body 

function and activity level. Correlations between muscle fatigability of the AH and PROM, 

muscle tone, grip strength, muscle strength and sensory function are presented in Table 2. 

For the PROM and muscle tone, no to weak correlations were found with muscle fatigability 

for total scores as well as for subscores (r < 0.13, p > 0.409). A fair correlation was found for 

total muscle strength (rp = ─0.32, p = 0.044) and a good correlation between SFI and shoulder 

strength (rs = ─0.50, p = 0.001). Elbow and wrist muscle strength showed no to weak 

correlations, rs = ─0.25, p = 0.166 and rs = ─0.01, p = 0.965, respectively. A fair correlation was 

found with grip strength (rp = ─0.43, p = 0.005). 

For sensory measures, a fair correlation between SFI and stereognosis was found (rs = ─0.38, 

p = 0.018). Other sensibility modalities were poorly correlated with SFI (rs > ─0.27, p > 0.10). 

Scatterplots of the significant correlations are shown in Figures 4A-D. 

Figure 3B: Mean values and standard deviation of 

grip strength affected hand (kg) by MACS. The p- 

values of the post-hoc analyses are presented. 

Figure 3A: Mean values and standard deviation of 
the Static Fatigue Index affected hand (%) by 
MACS.  
 

p < 0.0001 

p = 0.246 

p = 0.019 
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To investigate to which degree the variability of SFI was explained by body function measures 

a forward stepwise multiple regression analysis was performed. The significant correlations 

were entered in a stepwise linear regression model, which revealed that shoulder muscle 

strength (R2 = 24.20%, adjusted R2 = 22.10%, p = 0.002) and stereognosis (R2 = 9.40%, adjusted 

R2 = 7.60%,  p = 0.035) were significant predictors, explaining 33.60% of the variance in SFI. 

 

 

 

 

 

 

 

 

 

Figure 4A: Scatter plot Static Fatigue Index (%) by 

total muscle strength upper limb.  
Figure 4B: Scatter plot Static Fatigue Index (%) by 
muscle strength shoulder. 
 

Absent Normal 

Figure 4C: Scatter plot Static Fatigue Index (%) by 

grip strength (kg).  

Figure 4D: Scatter plot Static Fatigue Index (%) by 

stereognosis.  

r = -0.32 

 

r = -0.50 

Reduced 

r = -0.43 r = -0.38 
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Relationship between SFI and activity measures 

Pearson correlation coefficients between SFI and activity measures are shown in Table 2. For 

the Abilhand-Kids, a fair correlation was found (rp = ─0.31, p = 0.050) (Figure 5). No to weak 

correlations were found with JTTHF, AHA and Melbourne Assessment (rp < 0.29, p > 0.077). 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

r = -0.31 

Figure 5: Scatter plot SFI (%) by Abilhand-kids (logits). 
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Table 2: 

Correlation coefficients between body function and activity measures and the Static Fatigue Index (SFI). 
 

 N    SFI (%)  
 

BODY FUNCTION MEASURES 
 
PROM (0-10)b  

- Shoulderb 
- Elbowb 
- Wrist + handb  

 
 

Muscle tone (0-48)a 

- Shoulderb  
- Elbowb 
- Wrist + handb 

 
 

Muscle strength (0-45)a 

- Shoulderb 
- Elbowb 
- Wristb 

 

Log Grip strengtha 

 
 

Sensibility  
- Exteroceptionb 
- Proprioceptionb 
- TPDb 
- Stereognosisb  

 
 

ACTIVITY MEASURES 
 
Log JTTHFa 

 
Abilhand Logitsa 

 
Melbourne assessmenta 

 
AHA Unitsa 

 

 
 
41 
 
 
 
 
 

41 
 
 
 
 
 

41 
 
 
 
 

41 
 

 
38 
 
 
 
 
 
 

 
 
41 
 
40 
 
41 
 
39 

 

 
 
  0.07 
  0.07 
  0.13 
−0.02 
 
 

−0.12 
−0.11 
─0.03 
−0.01 
 
 

−0.32* 
−0.50** 
−0.25 
─0.01 
 

−0.43** 
 

 
 
−0.03 
−0.27 
−0.21 
−0.38* 
 
 
 

 
  0.29 
 
─0.31* 
 
─0.28 
 
─0.22 
 

N, total number of children; SFI, Static Fatigue Index; PROM, passive range of motion; log, logaritm; TPD, two-point discrimination; JTTHF, Jebsen-Taylor 
Test of Hand Function; Abilhand, Abilhand-Kids Questionnaire; AHA, Assisting Hand Assessment. 
*p<0.05; **p<0.01. 
a , pearson correlation coefficient 
b, Spearman’s rho correlation coefficient 
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Discussion 

The aim of this study was to gain insights into muscle fatigability according to anthropometric 

characteristics and to investigate the relation between muscle fatigability and body and 

activity measures in 41 children with UCP. So far, these relationships have not been addressed 

extensively. Although according to Klingels et al. (2012) and Jahnsen et al. (2003), it may be 

hypothesized that muscle fatigability, together with muscle weakness, have an important 

impact on children’s functional level and daily activities5,9.    

 

First, descriptive statistics of the SFI and grip strength were performed to achieve a general 

overview of muscle fatigability in children with UCP. Our results showed a clear difference of 

60% in grip strength between the AH and NAH (p < 0.0001), which was in line with previous 

studies5,25. Probably, this difference can be explained by both centrally as peripherally 

originated deficits in children with UCP. Centrally originated deficits are related to damage in 

the motor cortex or cerebellum which results in inadequate control of the monosynaptic 

reflex and low levels of voluntary activation. Consequently, this leads to impairments such as 

spasticity and muscle weakness in the AH14,15,18,45. On peripheral level, changes in 

biomechanical properties of the muscle (muscle fiber distribution, sarcomere length, …) may 

contribute to impaired force production17,18,19. 

For the SFI, a significant difference was found between the AH and NAH, with 11% more 

muscle fatigability in the AH compared to the NAH. Previous studies25 found no significant 

difference for muscle fatigability between both hands in young adults with UCP, measured by 

using the SFI. Compared to typically developing children, two studies8,21 found less muscle 

fatigability in children and young adults with CP compared to typically developing children, 

measured with an isokinetic dynamometer in knee flexors and extensors. These authors 

attributed the lower muscle fatigability to lower muscle strength in people with CP. Several 

mechanisms can be taken into account. As described previously, children with CP have lower 

levels of voluntary activation which lead to difficulties in motor unit recruitment45. Because 

type I muscle fibers can be recruited with lower firing rates, these children preferentially 

recruit these fibers8. Furthermore, children with CP have more type 1 fibers and less type 2 

fibers compared to typically developing children16,46 and the former are characterized to be 

more fatigue resistant. 
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This study also investigated the correlation between age, SFI and grip strength. The results 

showed a decrease of SFI of the AH with an increase of age, but this was a non-significant 

correlation. As literature has shown that children with CP have more type 1 fibers with 

increasing age16,46, this seems a reasonable explanation for our findings. This relationship has 

not been investigated yet in typically developing children and children with CP. In contrast, 

our study showed a significant positive correlation between grip strength of the AH and age. 

This age-related increase is in line with previous studies47,48. Klingels et al. (2012) showed that 

grip strength of the affected hand increased significantly over one year in children with UCP47. 

Also for finger grip strength, Blank et al. (2009) found an increase by 10-15% in both hands of 

preschool children with spastic CP after a one-year follow up48. It is possible that with 

increasing age, children develop more muscle tissue and become stronger49. 

A further comparison was performed between the different MACS levels. According to our 

clinical expectations the highest mean SFI was seen in MACS III, however no significant 

differences were found between MACS levels. The fact that children in MACS I experience 

more fatigability compared to those of MACS II is unclear. However, it should be considered 

that MACS I consisted of approximately 50% less children compared to MACS II. Also, results 

showed a large variability in SFI across the MACS levels. Moreover, the MACS is a classification 

system based on the ability to handle objects in daily activities in children with CP. It does not 

categorizes them according to their degree of impairment. The distribution across the three 

MACS levels was in contrast with the study of Brauers et al. (2017). They found the highest 

mean SFI in MACS II (57.87%, SD 10.87%), followed by MACS III (56.86%, SD 3.38%) and MACS 

I (46.24%, SD 8.93%)23. An expected relation was found between grip strength and MACS 

levels whereas grip strength decreases with increasing MACS levels. This was consistent with 

previous studies5,23. 

 

The second aim of this study was to investigate the relation between SFI and body function 

impairments. Significant relations were found between the SFI and grip strength, shoulder 

strength, total muscle strength and stereognosis. Our results indicated that both proximal and 

distal muscle weakness were related to muscle fatigability. However, correlations were only 

moderate and only shoulder muscle strength was a significant predictor. Interestingly, there 

was a fair negative correlation between muscle fatigability and grip strength meaning that 

increasing SFI correlates with decreasing grip strength. This is an important clinical finding 
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because it is reported that grip strength is a strong predictor for unimanual and bimanual 

activities5,50. However, this finding is not in line with previous studies21,51. Meldrum et al. 

(2007), who investigated maximum muscle strength and muscle fatigability in healthy adults, 

found no correlation between these parameters51. On the other hand, Eken et al. (2013) 

found that less muscle fatigability corresponded with less maximum muscle strength in the 

knee flexors and extensors in children with CP21.  

Furthermore, our findings revealed that children with impaired stereognosis experience more 

fatigability. This was the first study to examine the relationship between sensory measures 

and muscle fatigability in children with UCP. Also in other neurological disorders, the relation 

between stereognosis and fatigability seems unclear. Therefore, comparisons with other 

studies are difficult. However, in children with CP, Arnould et al. (2007) found significant 

positive correlations for grip strength with stereognosis and proprioception52. This indicates 

a better sensory function with increasing grip strength. In addition, previous studies 

demonstrated that stereognosis is most affected of all sensory functions in children with UCP, 

probably due to hierarchical functional anatomical organization of the central nervous 

system5-7. Stereognosis appeared to be a more cortical function compared to proprioception 

and exteroception which are labelled as basic sensory functions5.  

Finally, the population in this study demonstrated few deficits for PROM and muscle tone 

possibly explaining the no to weak correlations with SFI.  

 

A further aim was to study the relation between SFI and activity measures. The current 

literature investigating the relationship between other upper limb impairments and manual 

ability suggested that motor functions such as grip strength, dexterity and spasticity interfere 

with manual ability5,52. In addition, Jahnsen et al. (2003) found that fatigability plays an 

important role in children with CP. They found bodily pain, deterioration of functional skills, 

limitations in emotional and physical role function, and low life satisfaction as the strongest 

predictors associated with fatigability9. Therefore, it is essential to explore the relationship 

between muscle fatigability and unimanual capacity and bimanual performance. To our 

knowledge, this is the first study to examine this relationship in children with CP. However, in 

persons with MS it has been demonstrated that distal muscle strength and proximal muscle 

endurance are related with the use of the arm in daily life activities measured with the Manual 

Ability Measures-3653. Our results showed only a significant correlation between SFI and 
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Abilhand-Kids. It appears that muscle fatigability is no predictive factor in daily life activities 

in children with UCP. This might be explained by the fact that activity measurements used in 

this study includes predominantly submaximal and short activities such as opening a crisp bag 

(Abilhand-Kids) or turning over cards (JTTHF). Considering the importance of endurance in 

daily life activities, we believe that there is a need for alternative activity measurements. 

However, in the Netherlands a new measurement tool, the Task-oriented Arm Hand Capacity 

(TAAC), has been developed which can be a valuable addition to current activity 

measurements. This tool includes functional tasks and is used for measuring proximal and 

distal muscle strength and muscle fatigability54.  

In summary, our results indicate that shoulder muscle strength and stereognosis are 

significant predictors for muscle fatigability explaining 33.60% of its variance. Unimanual 

capacity and bimanual performance are weakly related with muscle fatigability. Nevertheless, 

our results suggest that muscle fatigability should be considered as an important underlying 

impairment in children with UCP.  

 

The study includes some limitations. The first limitation to discuss is the fact that the achieved 

results cannot be generalized to the total CP population. The population of this study 

predominantly had mild to moderate functional impairments (MACS I-III).  

Secondly, the design was a cross-sectional study and therefore we cannot determine causality 

in relationships among fatigability and daily life activities. Prospective studies are 

recommended to evaluate how changes in muscle fatigability impact manual abilities. This 

study was a non-probability convenience sample and involved a selective including of 

participants. Children were only recruited at the University Hospital Pellenberg in Leuven 

implying a risk of selection bias. Future research with participants across different clinical 

settings are necessary to provide a more representative sample.  

Thirdly, a critical reflection of the used measurement instruments must be considered. The 

reliability of the Static Fatigue Index in children with CP was only investigated in a pilot study33. 

Furthermore, it is difficult to evaluate muscle fatigability in an objective and optimal way 

because it is a complex phenomenon25. Both the protocol as well as the calculation of the SFI 

measurement should be critically considered. Factors such as child’s motivation and rater’s 

verbal encouragement can influence the performance. Another consideration is that the 

calculation does not include the amount of force variability. This leads to the fact that 
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different curve shapes can have the same fatigability value. As the literature showed that 

children with UCP experience increased force variability17,18,19, this should be considered in 

future calculations of muscle fatigability. 

Measurements of PROM, spasticity, MMT and sensory functions were based on nominal or 

ordinal rating scales which made the results less sensitive to subtle changes. However, 

Klingels et al. (2010) showed for these assessments moderate to very high test-retest and 

interrater reliability32. As suggested by the International Classification of Functioning, 

Disability and Health55 (ICF) several other factors such as motivation, cognition, age and 

comorbidities can influence the performance of the measurements and should be considered. 

 

In conclusion, our results showed that the AH had 11% more muscle fatigability and 60% less 

grip strength compared to the NAH. Also, there was a significant positive correlation between 

grip strength of the AH and age. Body functions impairments such as grip strength, shoulder 

muscle strength, total muscle strength but also sensibility (stereognosis) impact muscle 

fatigability. According to activity measures, a significant but low correlation between SFI and 

manual ability was found. These new insights are meaningful to gain a more complete 

impression of children’s functional level. Further research with larger sample sizes and 

optimization of the measurement protocol of muscle fatigability are important to improve 

these insights.  
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Appendix 1: descriptive statistics 

 
Table 1:  

Descriptive statistics of the outcome measures. 
   

 

Body Function 

PROM  

- Shoulder  
o Flexion 
o Abduction 
o External rotation 
o Internal rotation 

- Elbow  
o Extension 
o Supination 

- Wrist + hand  
o Wrist extension 
o Finger extension PIP 
o Finger extension DIP 
o Thumb abduction 

 

Muscle tone (0-48) 

- Shoulder (0-20) 
- Elbow (0-12) 
- Wrist + hand (0-16) 

 

Muscle strength (0-45) 

- Shoulder (0-15) 
- Elbow (0-20) 
- Wrist (0-10) 

 
Grip strength  
 

Sensory function  

- Exteroception 
- Proprioception  
- Two-point discrimination 
- Stereognosis 

 

Activity Level 

JTTHF  

Abilhand-kids 

Melbourne 

AHA 

 

 

N (0/1) 

 

 

 

 

 

 

 

 

 

 

Me (IQR) 

 

 

 

Me (IQR) 

 

 

 

Mean (SD) 

 

N (0/1/2) 

 

 

 

 

 

Mean (SD)  

 

 

 

 

 
41/0 
41/0 
41/0 
40/1 
 
38/3 
27/14 
 
40/1 
41/0 
41/0 
26/15 
 
 
7.5 (5.5-9) 

3 (1-4) 
2.5 (2-3.5) 
2 (2-3) 

 
32 (31-34) 

11.5 (11-12)  
14.5 (14-15.5) 
6.5 (6-7)  
 
4.91 (3.09) 

 
 
 
1/4/33 
0/10/28 
16/5/17 
16/15/7 

 

 
237.68 (161.40) 
1.75 (1.81) 
75.53 (13.89) 
57.18 (11.21) 

PROM, passive range of motion; N, total number of children; Me, Median; IQR, Inter Quartile Range; SD, standard deviation; JTTHF, Jebsen Taylor Test of 

Hand Function; AHA, assisting hand assessment 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Appendix 2: progress form  
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