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MVA 

Participants were instructed to perform isometric plantarflexion contractions as hard and as 

fast as they could. As plantarflexion contractions can be quite powerful, a customized binding was 

used to maintain isometric positioning. Contractions were held until the degree of muscle activation 

no longer increased (about 3 - 10 seconds). Verbal encouragement and visual feedback was 

provided. The maximum activity of rectified EMG, averaged over 1s, was calculated for each trial. 

Multiple trials (typically 3-4 trials) with at least 30 seconds of rest between trials were performed 

until the two highest trials were within 10% of each other. MVA was defined as the average of these 

two trials. The electrical noise recorded at rest (1-2 µV) was a large proportion of the MVA in some 

participants with CP (7-10 µV). Thus, electrical noise was subtracted from all measures of 

voluntary muscle activity (i.e., MVA and pre-stimulus background EMG) in each participant. The 

maximal voluntary activity (MVA) was 24 (7 – 85) µV in the group with CP and 185 (73 – 297) µV 

in the NI group (p<0.001). N.B. Measures of strength using maximal torque, or less directly with 

maximal EMG activation, frequently use time frames in the range of seconds like the 1 second time 

frame used to determine MVA here. However, when looking at the degree of voluntary activation 

just prior to a stimulus, shorter time frames (50 - 100 ms) are used. This is thought to better 

characterize the level of activity in the nervous system influencing the response to stimulation and 

thus, we measured the voluntary EMG activation over the 100ms prior to TMS.  

Mmax 

The maximal soleus M-wave (Mmax) was evoked using monopolar tibial nerve stimulation 

(1-ms pulse width, DS7A constant-current stimulator NL703, Digitimer, Welwyn Garden City, UK) 



applied with a cathode probe in the popliteal fossa over the tibial nerve and a large anode over the 

patellar tendon. Mmax values were used to normalize MEP values in all but 3 participants (1CP, 2NI) 

due to contamination of the M-wave with the stimulus artifact. The maximal possible evoked 

response (Mmax) was 5.1 (1.3 – 9.8) mV in the group with CP and 9.8 (4.5 – 12.2) mV in the NI 

group (p=0.003). 

Screening Procedures for TMS and MRI 

Participants were screened for relative contraindications to TMS using a standard screening 

questionnaire1. As per investigator and physician judgment, no participants had absolute 

contraindications to TMS as recommended by Rossi et al. 20112. Examples of potential 

contraindications included unstable epilepsy, intracranial or cardiac metal implants. 

Participants were screened for contraindications to MRI using the standard screening 

procedures at the Peter S. Allen MR Research Centre (Edmonton, Alberta). Potential 

contraindications included the presence of MR incompatible metal in or on the body, pregnancy or 

claustrophobia. One participant CP-4 had a contraindication to MRI. All participants could lie still 

in the MRI without sedation except for CP-11 who had involuntary lip and jaw movements during 

some sequences. 

Transcranial Magnetic Stimulators 

Two stimulators were used in this study due to a technical failure with one of the 

stimulators. As a result, 8/16 participants in the CP group and 13/15 participants in the NI group 

were tested using a MagStim 200 stimulator and the remainder were tested using its BiStim module. 

The same batwing coil was used with both stimulators. Due to potential differences in the absolute 

levels of stimulator output (%MSO) between the two stimulators used in this study, no comparison 

of active motor thresholds was repeated here though thresholds are known to be higher in people 



with CP3-7. Further, all measures of intensity are expressed relative to the individual’s active motor 

threshold (aMT) and are thus not impacted by the stimulator differences.   

Hotspot Localization 

Participants wore a cap containing a 1-cm grid aligned to their vertex. Four submaximal 

stimuli were applied in 1-cm increments anterior and posterior to the start position of 2 cm lateral to 

vertex until surrounding sites of activation were less than the location producing the largest MEP 

responses. TMS was kept at least 2 cm lateral to vertex to reduce current spread to the opposite 

cortex as per8. Pilot testing in neurologically intact participants revealed that if the hotspot was first 

determined to be 1 cm or at midline, moving the coil to 2 cm lateral did not alter the maximum 

MEP that could be evoked. 

MEPmax 

Both high levels of background muscle activity and high levels of stimulation intensity 

produce large MEPs up to a point beyond which responses plateau or decrease. Ideally, to determine 

an individual’s maximal MEP, one would explore the complete array of responses created by 

varying both the simulator intensity and the background activity. However, that experiment would 

be prohibitively long and would be confounded by fatigue. Therefore, we restricted our protocol to 

determine MEPmax to: 1) systematically varying the stimulus intensity at one level of voluntary 

activation (20% MVA) (i.e. generated a stimulus-recruitment curve) and by varying the voluntary 

activation at two levels of stimulus intensity at 2) 1.2 x aMT and 3) the intensity that produced the 

largest MEP amplitude in the stimulus-recruitment curve. To determine the largest MEPs evoked 

while exploring the impact of voluntary modulation, the MEPs evoked with a given stimulus 

intensity were plotted against the corresponding level of background activity and a moving-window, 

running average of 5 MEPs was calculated. These plots were generated at both stimulation 



intensities, 1.2 x aMT and the intensity that produced the largest MEP amplitude in the stimulus-

recruitment curve. MEPmax was defined as the largest average of 5 MEPs from either of these plots 

or from the stimulus-recruitment curve at 20% MVA.  

Diffusion Tractography 

DTI sequences were pre-processed, and motion distortion was corrected in ExploreDTI 

v4.8.3 9. Deterministic whole brain tractography was performed using a fractional anisotropy 

threshold of 0.2 and an angle threshold of 50°. The corticospinal pathway contralateral to the target 

leg was analyzed. A ‘seed’ region of interest (ROI) was placed around the posterior limb of the 

internal capsule and a ‘target’ ROI around the corticospinal pathway below the basis pontis 10. Due 

to technical factors, in CP-14 the contralateral, right corticospinal pathway could not be reliably 

followed to the basis pontis, requiring placement of the ‘target’ ROI at the level of the cerebral 

peduncle. ‘Not’ ROI(s) were used to exclude spurious fibres. Partial tract analysis was performed 

on the tract segment between the ‘seed’ and ‘target’ ROIs only, rather than following the tracts all 

the way up to the cortex. This was done to control for the high variability in tract length in the CP 

group, as reflected in the larger standard deviation of tract length in the CP group (±27%) compared 

to the NI group (±10%).  The greater variability in streamlines near the cortex may be due to a 

larger number of crossing fibres near the cortical lesions and/or from the lesions themselves.  A 

recent study showed stronger association between tractography parameters and motor function 

using partial tract analysis rather than full tracts11. Note that the two DTI parameters FA and 

perpendicular diffusivity have greater correlation to white matter abnormalities compared to MD 

and parallel diffusivity.12   



Heterogeneity in the Participants with CP 

In 4 participants with CP, it was not possible to consistently evoke MEPs from any location 

over the contralateral motor cortex at the maximum stimulator output (MEPs = 0.0 mV, Fig. 2C), 

although responses from stimulation to the ipsilateral cortex were present (see MEPmax values). 

Note that all differences in MEP measures between the NI and CP groups remained statistically 

significant when data from these 4 participants (CP-2, CP-6, CP-8 and CP-15) were excluded. 

There is little evidence regarding the effect of chronic medication use on TMS measures. Six 

participants with CP were chronically taking neuromodulatory medications that, in a single dose, 

have been shown to, or theoretically may, alter responses evoked by TMS.13 In specific, the 

participants taking neuromodulator medication were: CP-2 baclofen & citalopram, CP-4 

venlafaxine & cyclobenzaprine, CP-6 citalopram & tolterodine, CP-11 clonazepam & sertraline, 

CP-12 clonazepam, escitalopram & quetiapine, CP-15 amitriptyline, citalopram, phenytoin & 

flunarizine. To ensure chronic use of these medications did not influence the results, all statistical 

tests involving TMS were repeated without these 6 participants. The statistical results were 

unchanged even as the statistical power was reduced.  

Peripheral factors, such as variability in reduced muscle size and increased subcutaneous 

tissue, could have contributed to the reduced and variable MEP amplitudes in the CP group. People 

with CP are known to have smaller muscles with less contractile tissue.14,15 This likely contributes, 

in part, to the known differences in maximal voluntary activity (MVA) and maximal evoked 

responses (Mmax) that were also observed here. However, previous studies have demonstrated that 

muscle structure cannot completely explain these differences.16,17 Further, when accounting for 

differences in the amount of muscle that can be activated by an imposed stimulus by normalizing 

the data to Mmax, the differences in MEP amplitudes persisted. Therefore, the reduced MEP 



amplitudes observed in the participants with CP in this study were likely driven by decreased 

activation of high and low threshold corticospinal pathways which contribute to decreased muscle 

activation and weakness. 

 

The presented findings from this study are all as inclusive as possible. People with cerebral 

palsy, even the subset of people with bilateral spastic cerebral palsy represented by this study are a 

large and heterogeneous group. The steps described above were undertaken to ensure that 

potentially confounding factors did not drive the findings of reduced MEPs and impaired voluntary 

modulation of MEPs measured in this study. Thus, the presented results include the entire 

populations studied here to remain representative of people with bilateral spastic CP. 



Figure S1

 
Figure S1. MRI of Participants with CP. Axial FLAIR slices illustrating the anatomical findings for each 
participant with CP imaged (15/16). One participant had normal imaging. This is known to occur in CP with 
1/15 representing a lower rate of normal imaging than is found in population based registries.18 All 
remaining participants had evidence of mild (+), moderate (++), or severe (+++) periventricular white matter 
injury (PVWMI) on both sides of the brain. Additional abnormalities were noted in 5 participants. Three 
participants had cerebral malformations (CM) in the form of polymicrogyria (CP-10 & CP-11) and partial 
corpus callosum agenesis (CP-2). CP-8 had deep gray matter injury (DGMI, particularly notable on the left. 
The image of CP-15 is consistent with a periventricular cerebrovascular accident (CVA) in the left 
hemisphere with evidence of periventricular white matter injury in the right hemisphere and she had 
bilateral motor impairments. No contralateral MEP responses were recorded in CP-15 in addition to CP-2, 
CP-6 and CP-8 (Table 1).  Figure adapted from previous publication.19 
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Figure S2. Association between DTI parameters and MEPmax. FA (A) and perpendicular diffusivity (B) 

plotted against corresponding MEPmax values (in raw voltage) for participants with CP.  
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