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Lower limb muscle synergies during walking after 1 

stroke: a systematic review 2 

 3 

Muscle synergies after stroke 4 
Original article: systematic review  5 
 6 

Abstract 7 

 8 

Purpose: The aim of this systematic review was to determine the number of muscle synergies and the 9 

distribution of muscle weightings in stroke patients during gait.  10 

Material and Methods: This review is registered on PROSPERO (number: CRD42018088701) and is 11 

written following the PRISMA guidelines. A systematic search was conducted using following 12 

databases: PubMed, Web of Science, Naric, Cochrane and PEDro. Methodological quality was assessed 13 

by the Newcastle-Ottawa Scale and data extraction (subject characteristics, outcome measures and 14 

walking protocols) was performed by two independent researchers. The amount and structure of the 15 

muscle synergies were the two main outcome measures. 16 

Results: In total, ten studies were included in this review. While four synergies are common in healthy 17 

controls, stroke patients often showed less synergies during gait. Synergies were determined by the 18 

number of muscles measured which varied greatly between studies. Only Tibialis Anterior, Soleus, 19 

Gastrocnemius and Rectus Femoris were assessed in all studies.  20 

Conclusions: A consensus regarding the amount and composition of muscle synergies in stroke 21 

patients is difficult. The majority observed three to four muscle synergies. The decrease in amount of 22 

synergies can be explained by merging of synergies, often seen in hip/knee extensors with plantar 23 

flexors and hip/knee extensors with knee flexors.  24 

 25 

Keywords: stroke, cerebrovascular disorder, gait, locomotion, muscle synergies, EMG and muscle 26 

coordination  27 

  28 
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Introduction 29 
Only 60 to 70 percent of stroke survivors are able to walk again independently after rehabilitation, 30 

while others remain disabled (1, 2). Stroke survivors who regain the ability of walking, develop 31 

different muscular motor behaviors such as delayed onset time, decreased muscle strength, changed 32 

on and off times during muscle contractions and diminished synchronization (3-5). These changes 33 

present themselves at the individual level of a muscle and recruitment of muscles to perform 34 

coordinated movements is interrupted. At early stages of recovery, cortical plasticity may influence 35 

the recruitment pattern of muscles needed to perform voluntary movements (6).  36 

 Muscle activity during walking is recorded by electromyography and by using different matrix 37 

factorization methods, muscle activation profiles can be detected (7). A muscle synergy or muscle 38 

module is a group of muscles contracting together as part of a functional unit (8). In a healthy 39 

population, four or five muscle synergies are activated during specific parts of the gait cycle (9). These 40 

modules consist out of a large quantity of muscles and are present in all functions and transitions of 41 

the human body in various compositions, from locomotion to postural tasks (9). Muscle synergies are 42 

the lowest level of the motor control hierarchy, recruited by a good amount of different neural 43 

pathways for rhythmic, reactive and voluntary motor behaviors (10). They make a bridge between 44 

task-level goals and much more complex patterns of muscle activation, representing abstract motor 45 

variables, including the cortex, superior colliculus and spinal cord (10). Thus, muscle synergies form a 46 

modular group of actions that is specific to any given task but recruited by a variety of neural pathways 47 

governing different motor behavior. In other words, muscles synergies are dependable on the 48 

performed task, some synergies may occur when walking but will not be observed during other motor 49 

tasks (11). Since muscle activations change on an individual level after stroke, groups of muscles 50 

working together as a synergy, will probably change as well. Muscle synergies are not necessarily 51 

relearnt after stroke, instead recovery is driven by augmentation of existing abnormal synergies (12). 52 

These initial abnormal synergies are not suppressed but progressively altered during stroke recovery 53 

(12).  54 

Although several studies investigated the presence of synergies in the upper limb after stroke, 55 

little is known regarding muscles synergies during walking (13, 14). Upper limb muscle synergies may 56 

serve as a physiological marker to classify stroke patients and for identifying the optimal rehabilitation 57 

setting and methods (13, 14). The increased number of muscle synergies after upper limb 58 

rehabilitation suggests improved motor control for patients with low motor-function (13). Therefore, 59 

muscles synergies might be a clinically useful tool in predicting the success rate of rehabilitation 60 

protocols and help us with clinically evaluating stroke patients. In addition, recovery of gait is a primary 61 

goal in stroke rehabilitation (15). Although approximately 70 percent of  stroke patients achieve an 62 

independent gait, only 41 percent were able to independently walk outdoors and 54 percent were able 63 
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to independently climb stairs (16). During walking, coordinated lower limb muscle activity is necessary 64 

to remain balanced and generate forward propulsion. A better understanding of the coordinated 65 

activation patterns of the lower limbs, also known as muscle synergies, might help us improve 66 

assessment, goal setting and treatment plans. Therefore, a better understanding concerning the 67 

number of muscle synergies and the distribution of muscle weightings which are present during gait 68 

after stroke is necessary. The amount of muscle synergies and muscle weighting might be a successful 69 

tool for assessing gait performance.  70 

Thus, the aim of this systematic review is to specify the amount and composition of muscle 71 

synergies during walking after stroke.   72 

Materials and Methods  73 
Protocol and registration  74 

This review was conducted according to the Preferred Reporting Items for Systematic Review and 75 

Meta-Analysis Statement (PRISMA) and was registered in the PROSPERO database (no: 76 

CRD42018088701).  77 

 78 

Eligibility criteria  79 

The search strategy was put together by following inclusion criteria: 1) Adults diagnosed with an 80 

ischemic or hemorrhagic stroke; 2) Analysis had to be performed during walking; 3) The number or 81 

distribution of muscle synergies and the distribution of muscle weightings (composition synergy) had 82 

to be described; 4) Studies had to be written in English, Dutch, German or French. Studies were 83 

excluded when the population included other neurological disorders or when the intervention was not 84 

adequately specified or did not include walking. Study designs such as reviews and case reports were 85 

also excluded. There were no limitations applied regarding time post-stroke, length of intervention 86 

and follow-up. 87 

 88 

Information sources 89 

A systematic search strategy was conducted using the electronic databases of PubMed, Web of 90 

Science, Naric, Cochrane and the Physiotherapy Evidence Database (PEDro). A combination of the 91 

following free text words and Medical Subject Headings were used: stroke, cerebrovascular disorder, 92 

gait, locomotion, muscle synergies, EMG and muscle coordination. The final search strategy for 93 

PubMed can be found as supplementary Table S1. The final search strategy was performed in March 94 

2018. 95 

 96 

Study collection 97 
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The screening procedure was performed by two independent researchers (K.W. and J.V.). To collect 98 

potentially relevant studies, eligibility was screened based on title and abstract. Full texts were 99 

retrieved and evaluated based on the a-priori provided inclusion and exclusion criteria. Reference lists 100 

of the included studies were manually screened to identify additional relevant studies. If there were 101 

any discrepancies, this was cleared up by an independent person (T.V.C). Afterwards full texts were 102 

gathered and evaluated on the previously set inclusion criteria. Reference lists were manually screened 103 

to identify additional relevant studies.  104 

 105 

Risk of bias 106 

The risk of bias was assessed by two independent reviewers (J.V. and K.W.) by using the Newcastle-107 

Ottawa Quality Assessment Scale (NOS). In case of uncertainty at any point during the scoring process, 108 

consensus was sought by a third reviewer (T.V.C.). According to the design of the study, the checklist 109 

for case-control or cohort, or adapted version for cross-sectional studies by Herzog et al. (17) was 110 

employed. The NOS is an instrument that assesses the risk of bias by awarding a star for each answer 111 

that meets the criteria, a maximum of nine stars can be obtained: four stars for selection, two stars for 112 

comparability and three stars for outcome. Each star given, projects a low risk of bias for this criterion. 113 

As criterion for quality, the Agency of Healthcare Research standards were used (18, 19). Included 114 

studies were of good quality when they scored three or four stars in the selection domain, one or two 115 

in comparability domain and two or three in outcome/exposure domain. Fair quality was considered 116 

when studies scored two stars in the selection domain, one or two in the comparability domain and 117 

two or three in the outcome/exposure domain. At last, poor quality was considered when studies 118 

received zero or one star in selection domain, zero stars in comparability domain and zero or one star 119 

in the outcome/exposure domain. The developers of the NOS have established the face and criterion 120 

validity, and inter-rater reliability (18, 19).  121 

 122 

Data extraction and analysis  123 

Extracted data consisted of subject characteristics (age, time post-stroke and type of hemiparesis), 124 

outcome measures (muscle activity) and walking protocols defined by their surface (treadmill/split belt 125 

treadmill/over ground), length, time and speed. The amount and composition of synergies were 126 

described and compared between healthy adults and stroke survivors. In addition, if studies examined 127 

the hemiplegic and non-hemiplegic side separately, a comparison of both sides were made. Time post-128 

stroke or intervention strategies were not included in the analysis.  129 

Results 130 
Study selection 131 
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The final search strategy resulted in 879 studies obtained from five databases. There were 118 132 

duplicates, which left 761 studies for screening. Manual reference list screening did not result in any 133 

additional studies. The studies were first screened on title and abstract, excluding on different 134 

parameters like population, intervention and outcome. Following this screening, 95 full texts were 135 

retrieved and evaluated on those same parameters. Eventually, ten studies met all the inclusion- and 136 

exclusion criteria and were included. See flowchart for a more detailed overview (Figure 1). 137 

 138 
[INSERT Figure 1: Flowchart] 139 

Risk of bias 140 

Methodological quality was assessed using the NOS. Results are shown in Tables 1 and 2. There were 141 

eight case-control studies and two cross-sectional studies included. The average score for both the 142 

case-control and cross-sectional studies was seven. Two studies were of good quality, seven of fair 143 

quality and one of poor quality. The highest score was eight and the lowest four.  144 

 145 

[INSERT TABLE 1] 146 

[INSERT TABLE 2] 147 

 148 

Study characteristics  149 

Study characteristics are shown in Table 3. The included population consisted of a post-stroke group 150 

and a healthy control group in eight out of ten studies (20-27). Other studies did not compare the 151 

stroke group to healthy subjects (28, 29), or refer to previous studies for data of post-stroke patients 152 

(20). In total, there are 218 post-stroke patients and 102 healthy control subjects included in this study. 153 

The time post-stroke varies within a range from 10 weeks to 5.1 years post-stroke. Two studies do not 154 

mention the time post-stroke (21, 22). Healthy patients are aged matched with the stroke survivors. 155 

The mean age of the healthy control subjects is 57.4 ± 9.7 years for the studies that mention it (20, 21, 156 

23, 25). The mean age of the post-stroke patients is 56.6 ± 5.0 years for 6 out of 10 studies (20, 21, 23, 157 

25, 28, 29). Other studies only mentioned that the healthy population is age matched or did not 158 

mention age (22, 24, 26, 27). Among the post-stroke patients, there are 101 left sided hemiparesis and 159 

76 right sided hemiparesis. Two studies do not consider the side of hemiparesis (26, 29).  160 

 161 

All studies assessed muscle synergies as a single measurement during walking, but there was a 162 

variation in protocol. Parameters were measured on a time basis of 30 seconds of walking (20, 21, 23) 163 

or on a fixed distance of 6m, 10m, 11m (25, 28, 29). In four studies timing or distance protocols were 164 

not mentioned (22, 24, 26, 27). In eight studies patients were asked to walk at their self-selected speed 165 

(21, 23-29). In one study, they were asked to walk at a set speed of 0.5, 0.7, 0.9 and 1.1 km/h (22) and 166 
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in one study they were also asked to walk at their fastest comfortable speed (23). In three studies 167 

patients walked on a split-belt treadmill (20, 21, 23), in six studies patients walked over ground (23-25, 168 

27-29) and in two studies patients walk on a normal treadmill (22, 26). Two studies allowed the use of 169 

a walking aid (cane) (27, 29). All other studies either did not mention it or prohibited the use of walking 170 

aids (21-23).  171 

 172 

The main outcome measure in all studies was assessed by EMG.  Nine out 10 studies used non-negative 173 

matrix factorization as an algorithm to extract the number of synergies out of the EMG data (20-26, 174 

28, 29). One study did not mention the statistical method (27). Non-negative matrix factorization takes 175 

a matrix as an input and generates a set of topics that represent weighted sets of co-occurring terms. 176 

By combining attributes non-negative matrix factorization can display patterns, topics, or themes 177 

which can be clustered as a unit (30).  178 

 179 
All studies used EMG to assess muscle activity, but the number of muscles measured varied greatly. 180 

The following muscles were measured: Tibialis Anterior, Soleus, Gastrocnemius, Vastus medialis, 181 

Vastus lateralis, Rectus femoris, Medial hamstrings, Lateral hamstrings, Gluteus Medius, Gluteus 182 

maximus, Semimembranosus, Biceps femoris, Peroneus longus, Semitendinosus, Adductor longus, 183 

Tensor fascia latae, Rectus Abdominus, Erector spinae. Tibialis Anterior, Soleus, Gastrocnemius and 184 

Rectus Femoris are the only muscles that are assessed in all ten studies. 185 

 186 

[INSERT TABLE 3] 187 

 188 
Amount of muscle synergies  189 

Healthy 190 

Six out of eight studies concluded that they found four synergies in healthy subjects when assessing 191 

on average ten muscles (Table 4) (20, 22-26). In another study, approximately 55 percent of the 192 

subjects showed four synergies during walking, yet there was no clear consensus since the other half 193 

had varying results in the amount of muscle synergies recorded (21). Only one study obtained different 194 

results, two synergies were described when assessing five muscles (27). 195 

 196 

Paretic side post-stroke 197 

A great amount of variation existed in adults post-stroke since the majority of studies had difficulties 198 

to give a fixed number of muscle synergies. Three studies detected four synergies (22, 23, 25), while 199 

three studies suggested the presence of three or four synergies (20, 24, 28). Furthermore, three studies 200 

observed two, three or four synergies (21, 26) and one study observed additionally a fifth synergy (29) 201 
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(Table 5). On average studies describing four synergies examined eight to twelve muscles to obtain 202 

their results. However, three studies gave results of a number lower than four in 81% (21), 69% (29) 203 

and 59% (26) of the cases. These studies favored two or three synergies (21, 26, 29). These studies 204 

found less muscle synergies, but there were still seven to eight muscles measured. One study did not 205 

succeed at profiling the synergies as they were so indistinct (27). A more detailed presentation 206 

regarding the amount of synergies can be found as supplementary Table S2. 207 

 208 

Non-paretic side post-stroke 209 

Only three studies measured muscles at the non-paretic side in adults suffering from a stroke (Tables 210 

4 and 5) (21, 25, 28). These results were similar to those healthy adults, as they indicate that 45%, 58% 211 

and 80.7% of the synergy-number was four. One of those studies specified a percentage of 22% for 212 

three synergies and 33% for five synergies (28). 213 

 214 

Composition of muscle synergies  215 

Healthy 216 

A clear structural description of the muscle synergies were found in seven of the included studies 217 

(Table 4) (20-22, 24-27). Four studies found M. Gluteus Medius to be included in synergy 1 (S1) (20, 218 

21, 24, 26) which was mostly activated together with the M. Quadriceps during early and mid-stance, 219 

more specifically M. Rectus Femoris and M. Vastus Medialis/Lateralis. In one study where 12 muscles 220 

were examined, additional hip and knee extensors such as M. Gluteus Maximus, Tensor Fascia Latae 221 

and M. Biceps Femoris were included in S1 (22). The combination of hip abductors and hip/knee 222 

extensors as seen in S2 are activated during early stance. Synergy 2 (S2) was found in all studies which 223 

was a combination of M. Soleus and M. Gastrocnemius during late stance (20-22, 24-27). Synergy 3 224 

(S3) which consisted of M. Tibialis Anterior as found in five studies, while five studies found combined 225 

activation with the M. Rectus Femoris (21, 24-27). One study found a synergy which consisted solely 226 

of M. Tibialis Anterior (20). Activation of the dorsal flexors in combination with knee extensor activity 227 

was seen during early swing. At last, in the majority of cases synergy 4 (S4) was formed by the 228 

Hamstrings during swing into early stance (20, 21, 24-26).  229 

 230 

Paretic side post-stroke 231 

Seven studies described the composition of the muscle synergies in stroke survivors (Table 5) (20-22, 232 

24-27). Muscle synergies of the paretic side in stroke survivors did not always differ from those 233 

observed in healthy controls (21, 22, 24-26).   234 
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When four synergies were found, the composition was mostly similar to healthy adults. In 235 

stroke patients, M. Gluteus Medius in combination with M. Quadriceps, known as S1, was found in two 236 

studies during early stance (21, 24). S2 was composed of M. Soleus and Gastrocnemius during late 237 

stance in four studies (21, 22, 24, 26). The synergy including M. Tibialis Anterior was also found as S3, 238 

solely (24, 25) or in combination with M. Rectus Femoris (21, 26). At last, S4 was characterized by the 239 

Hamstrings in four studies (21, 24, 26, 28).  240 

When less than four synergies were observed, merging of synergies often occurred in stroke 241 

survivors (20, 21, 26). Merged synergy 1 (MS1) consisted of S1 and S2 which merged the M. Soleus and 242 

M. Gastrocnemius with the M. Gluteus Medius and M. Quadriceps during pre-swing (20, 21, 26). 243 

Merged synergy 2 (MS2) included S1 and S4 of the healthy adults, the Hamstrings merged with M. 244 

Gluteus Medius and M. Quadriceps during late swing (20, 21, 26). The synergy including M. Tibialis 245 

Anterior was now found as merged synergy 3a (MS3a), solely (20) or in combination with M. Rectus 246 

Femoris as seen in healthy adults (21). A different combination merging S2 and S4 was found by 247 

integrating the Hamstrings with M. Soleus and M. Gastrocnemius which we called merged synergy 3b 248 

(MS3b) (26). Some other, not so distinctive, synergies were observed, which can be found as 249 

supplementary Table S2.  250 

 251 

Non-paretic side post-stroke 252 

Only two studies discussed the muscle synergies of the non-paretic side of the adult stroke 253 

participants (21, 25). Both the amount of muscles synergies and composition were comparable to 254 

healthy adults (21, 25). 255 

 256 

[INSERT TABLE 4] 257 

[INSERT TABLE 5] 258 

[INSERT TABLE 6] 259 

Discussion 260 

In order to fully understand the changed motor behaviors after stroke, we tried to give an overview of 261 

the number of muscle synergies, their functions and the distribution of muscle weightings which are 262 

present during gait after stroke. The results of this review are of clinical importance to gain knowledge 263 

about the different contributions and merges of muscles which are crucial for understanding the gait 264 

pattern and its biomechanical factors. To our knowledge this is the first study examining similarities, 265 

combinations and patterns of muscle synergies during walking. It is not only the merging of muscles or 266 

the amount of synergies that is crucial to look at, an added value to this study should be identifying 267 
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the structure, composition and function of the synergies. Overall, the included studies had a good to 268 

fair methodologic quality.  269 

 270 

In seventy percent of the healthy adults included, the complexity of muscle activity during walking 271 

could be explained by four distinctive muscle synergies in accordance with previous studies (5, 30-32) 272 

(Table 6): S1) Hip abductors and hip/knee extensors which are responsible for body weight support 273 

during weight acceptance and early stance braking; S2) Plantar flexors which are necessary for body 274 

support, late stance forward propulsion and swing initiation; S3) Dorsal flexors with or without knee 275 

extensors which is used for foot clearance during swing; and S4) Hamstrings acting as knee flexors for 276 

decelerating the leg at the end of swing and propelling the body during early stance. Studies that 277 

reported less synergies also assessed less muscles, suggesting that these results can be explained 278 

based on the methodology rather than by a physiological phenomenon. It is therefore important to 279 

standardize and clearly report both the number of muscles and which muscles are measured since this 280 

clearly influences the results. The majority of studies included eight muscles, the following muscles are 281 

recommended to incorporate in the non-negative matrix factorization: M. Tibialis Anterior, M. Soleus, 282 

M. Gastrocnemius, M. Rectus Femoris, M. Vastus Lateralis, medial and lateral Hamstrings and M. 283 

Gluteus Medius.  284 

Stroke survivors had either the same or a reduced number of synergies in the paretic limb 285 

during walking. A similar composition as healthy adults was found when the same amount of synergies 286 

was present, suggesting that the neural structures required for the activation of synergies were still 287 

intact. When less synergies were described, merging occurred as muscles of different synergies were 288 

included in one synergy. It is plausible that they form, as it were, their own synergy due to co-289 

contractions of several muscles. This might suggest, that the composition of synergies were still intact 290 

but that stroke survivors have difficulties with the individual recruitment of them. Evidence was found 291 

for merging of synergies which is typically seen in adults with low-motor function who have difficulties 292 

with complex tasks (13). Since there is no real consensus between studies, it is difficult to define the 293 

exact combination of muscle synergies of a stroke patient. Yet, we were able to describe the four most 294 

observed muscle synergies (Table 6): MS1) M. Soleus, M. Gastrocnemius, M. Gluteus Medius and M. 295 

Quadriceps. MS1 was described as merging of synergy 1 and 2 which might have contradicting 296 

functions e.g. braking (S1) and propulsion (S2). We hypothesize that prolonged activity of S1 and early 297 

activity of S2 results in reduced forward propulsion by increased braking and impaired propulsion 298 

capacity (20-22, 26). As a consequence, paretic swing was altered. Activation of M. Quadriceps and M. 299 

Soleus and M. Gastrocnemius during late stance into swing can cause insufficient clearance during 300 

swing which might lead to compensations such as hip hiking or circumduction to prevent tripping. 301 

Clinically this resembles an extension synergy pattern; MS2) Hamstrings, M. Gluteus Medius and 302 
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Quadriceps results from merging of S1 and S4. We hypothesize that prolonged activity of the 303 

hamstrings into stance impedes body support since activation might result in knee flexion instead of 304 

hip extension (20-22). Moreover, hamstrings accelerates the leg in swing, yet decelerates the leg in in 305 

preparation for foot contact. Therefore, prolonged activity also interferes with propulsion generation 306 

(26). Increased co-contractions surrounding the knee might also be a compensatory mechanism to 307 

ensure sufficient stability which cannot be provided by the ankle muscles (33). Moreover, this 308 

increased co-activation limits knee flexion during swing resulting in a clinical gait pattern known as stiff 309 

knee gait (33); and MS3a) M. Tibialis Anterior and  M. Rectus Femoris (S3). When both muscles are 310 

activated, the muscle activity pattern resembles S3 of healthy adults (20, 21). However, increased 311 

activation during stance from M. Tibialis Anterior is seen as a compensatory mechanism (34). We 312 

hypothesize that increased co-contraction during stance surrounding the ankle complex can be due to 313 

muscle weakness of the plantar flexors resulting in decreased efficiency of propulsion and instability 314 

(33, 34). A Less frequent synergy, yet still observed is MS3b) M. Tibialis Anterior and Hamstrings 315 

indicating merging of S2 and S4 which might result in increased step length and propulsion asymmetry, 316 

slower walking speed and decreased pre-swing angle (26). 317 

The results of this review indicate that the synergies are altered during hemiplegic gait and 318 

that merging of synergies occurs. However, it is still unclear if these synergies are pathological or 319 

learned behavior. Although we found several reoccurring and distinctive synergies, no clear consensus 320 

can be reached concerning the amount and composition of synergies between studies. It might be that 321 

muscle synergies are dependent on the severity of the lesion and if the neural structures required for 322 

the activation of the synergies are affected. It is important to further investigate the underlying 323 

mechanisms responsible for the merging of synergies since they are an important predictor for poor 324 

motor outcome (13, 20, 27). In general, a higher number of synergies was associated with intact motor 325 

function. Moreover, less synergies was related to poor improvements in muscle strength and gait 326 

kinematics (27). Studies showed that although stroke survivors showed similar synergy strength and 327 

muscle weightings, observed changes in muscle synergies were mostly the cause of reduced muscle 328 

participation of individual muscles to a muscle synergy, impaired activation timing of a certain synergy 329 

or the ability to differentially activate the synergies (21, 24, 26). It is also important to consider that 330 

different muscle synergies are observed between the paretic and non-paretic side. Although, some 331 

studies concluded that the non-paretic side had a similar synergy amount as healthy individuals, a 332 

small shift in composition was observed (21, 22, 25). It is possible that, although contralesional efferent 333 

neurons are still intact, impairments of the paretic side influence the non-paretic side.  Therefore, we 334 

recommend investigating both the paretic and non-paretic side since clear differences were found 335 

between both limbs. 336 
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However, not all studies concluded that the observed differences were due to merging of 337 

synergies. First of all, the number of synergies seems to be dependent on walking speed (21, 35). 338 

Although the composition seems to be similar across walking speeds, the activity of individual muscles 339 

change depending on walking speed (35). For example, in healthy adults the increase of walking speed 340 

coincides with decreased weightings of the M. Gluteus Medius (35). The observed changes in muscle 341 

synergies seemed to be related to changes in kinematic and kinetic output depending on the walking 342 

speed (35). Second, variations were observed concerning the walking surface: over ground walking, 343 

treadmill walking and split-belt treadmill walking. Further research is necessary comparing different 344 

walking surfaces since some studies conclude that although, temporal gait parameters and kinematic 345 

parameters are quite similar when walking on a treadmill, muscle activation used to achieve 346 

movement patterns are often different compared to over ground walking (36-38). On a treadmill, there 347 

is for example a constraint space and less power generation during push off due to the continuous 348 

motion generated by the treadmill which leads to compensation, implicating that there is a 349 

manifestation of increased or decreased muscle activation. Third, the amount of muscles included in 350 

the analysis seems to be a crucial factor for investigating muscle synergies. When a low amount of 351 

muscles are being investigated, there is less merging of synergies. At last, some study-related 352 

practicalities of the EMG signal might be the cause for a lack of merging. Both the normalization 353 

technique of the EMG signal and electrode placing varied between studies or was not mentioned. Since 354 

subcutaneous fat reduces the transmitted signal (39), it is very important to use a standardized 355 

protocol for electrode placing such as the SENIAM guidelines (40). 356 

Muscle synergy analyses can be a powerful tool for assessing and classifying neurological 357 

deficits compared to healthy adults. However, more standardized research is necessary to implement 358 

this in clinical practice. The influence of age was ignored since muscle synergies are not dependable 359 

on age (41). This confirms that muscle synergies are motor primitives, which means they are hard 360 

wired into the motor neuronal network. Yet, spinal activities on the other hand, are impressionable by 361 

age (41). The age independence of muscle synergies gives synergies an advantage for assessments in 362 

longitudinal studies and longitudinal treatment-observations. However, more research should be 363 

conducted to examine if these synergies, which are not dependable on age, differ between sub-acute 364 

and chronic stroke patients. Since we assume that in healthy adults synergies do not change over time, 365 

new questions can be raised: Does neural plasticity have an influence on these mechanisms? Will 366 

synergies change depending on the recovery phase of a patient? Is there a sensitive period when 367 

intensive rehabilitation can lead to the regaining of synergies and therefore normal motor behavior, 368 

and to these changes persist? Since only two studies examined sub-acute stroke patients (25, 29) and 369 

no studies conducted repeated measurement to investigate a recovery process during the period when 370 

most recovery gains in body functions and activities are observed, it is impossible to take conclusions 371 
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regarding the effect of time post stroke on muscle synergies and the functional impact of altered 372 

synergies on walking behavior.  373 

 374 

Study Limitations 375 
There are some limitations to consider. Due to the limited amount of research, studies with 376 

different protocols were compared to each other. As already mentioned, different walking protocols, 377 

walking speeds, time post stroke and normalization methods were compared. Therefore, differences 378 

in results are not unlikely. In addition, stroke leads to a very broad range of impairments. Some patients 379 

have clear sensory problems while others solely have muscle weakness, spasticity or a combination. 380 

Examining all these different impairments as one might be the cause of the great diversity seen in the 381 

amount and composition of muscle synergies.  These limitation should be taken into considerations.  382 

 383 

 Conclusion 384 

The purpose of this study was to identify the number of muscle synergies and the distribution of 385 

muscle weightings during walking in healthy subjects and post-stroke patients. We were able to 386 

abstract a number of four synergies in over 70% of the included healthy population, to a lesser extent 387 

five synergies were present. In stroke survivors, the amount and composition of muscle synergies in 388 

the non-paretic limb was comparable to those of healthy adults. Concerning the paretic limb, a smaller 389 

amount of muscle synergies was observed with the majority of patients having three or four synergies. 390 

Evidence was found for the merging of synergies, often seen in hip/knee extensors with plantar flexors 391 

and hip/knee extensors with knee flexors. A larger number of synergies was associated with intact 392 

motor function.  393 
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 508 
  509 

Reference 
Selection 

(Max. 4 stars) 
Comparability 
(Max. 2 stars) 

Exposure 
(Max. 3 stars) 

Total score 
AHRS 
score 

 S1 S2 S3 S4 C1 C2 E1 E2 E3   

Allen et al., 2013 (20)       *   6/9 Fair 

Barroso et al., 2017 (28)          7/9 Fair 

Clark et al., 2009 (21)       *   6/9 Fair 

Coscia et al., 2015 (22)       *   8/9 Good 

Gizzi et al., 2011 (25)          7/9 Fair 

Kautz et al., 2011 (23)          6/9 Fair 

Routson et al., 2013 (26)          7/9  Good 

Srivastava et al., 2016 (24)          7/9 Fair 

S1: Case definition; S2: Representativeness of cases; S3: Selection of controls; S4: Definition of controls; C1/C2: Comparability of cases and 
controls/confounding; E1: Ascertainment of exposure; E2: Method of ascertainment for cases and controls; E3: Non-response rate; AHRS:  Agency of 
Healthcare Research standards 

Table 1: Newcastle – Ottawa Quality Assessment Scale – Case-Control Studies 
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 510 
  511 

Reference 
Selection 

(Max. 4 stars) 
Comparability 
(Max. 2 stars) 

Outcome 
(Max. 3 stars) 

Total score 
AHRS 
score 

 S1 S2 S3 S4 C1 C2 O1 O2   

Hashiguchi et al., 2016 (29)         7/9 Fair 

Shiavi et al., 1987 (27)         4/9 Poor 

S1Representativeness of sample; S2: Sample size; S3: Non-respondents; S4: Ascertainment of exposure; C1/C2: Comparability of cases and 

controls/confounding; O1: Assessment of outcome; O2: Statistical test; NOS: Newcastle-Ottawa Scale; AHRS:  Agency of Healthcare Research 

standards 

Table 2:  Newcastle – Ottawa Quality Assessment Scale – Adapted for cross sectional studies 
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 512 

  513 

Reference Design 
Sample 

Walking protocol EMG 

Stroke Healthy 

Allen et 
al., 2013 
(20) 
 

Case-
control 

M: 7 / F:4 
R: 6 / L: 5 

Age: 62.2 ± 11.7 
TPS: 3.5 ± 2.7 y 

M: 2 / F: 12 
Age: 63.1 ± 9.1 y 

Split-belt TM: 30 s  
 Ag/AgCL surface electrodes 

 NNMF: high-pass filtering at 40 Hz, demeaning, rectification 
and low-pass filtered at 4 Hz (4th order Butterworth filter) 

Barroso et 
al., 2017 
(28) 

Case-
control 

M: 6 / F: 3 
R: 4 / L: 5 
Age: 53 y 

TPS: 75.56 m 

OG at SS: 10 x 11 m  
 NNMF: high-pass filtering at 20 Hz, demeaning, rectification 

and low-pass filtering at 5 Hz 

Clark et 
al., 2009 
(21) 

Case-
control 

M: 35 / F: 20 
R: 21 / L: 34 

Age: 59.5 ± 11.7 
y 

M: 4 / F: 16  
Age:  59.5 ± 11.7 y 

Split-belt TM: 30 s 
(3 x SS and 2 x FC) 

 NNMF: high-pass filtering at 40 Hz, demeaning, rectification 
and low-pass filtering at 4 Hz (4th order Butterworth filter) 

Coscia et 
al., 2015 
(22) 

Case-
control M: 9 / F: 3 

R: 5 / L: 7 
N = 10 (gender- 

and age-matched) 
TM: 0.5, 0.7, 0.9 and 1.1 
km/h 

 Ag/AgCL surface electrodes 

 NNMF: Full wave rectification, lowpass filtering (4th order 
Butterworth filter) at 10Hz 

Gizzi et al., 
2011 (25) 

Case-
control 

M: 8 / F: 2 
R: 8 / L: 2 

Age: 45.9 ± 16.5 
TPS: 12 ± 5 w 

M: 7 / F: 3 
Age: 42.2 ± 14.5 y 

OG at SS: 5 x 6 m 

 Ag/AgCL surface electrodes 

 NNMF: bandpass filtering (8 order Bessel filter, bandwidth 
10-750Hz), sampled at 2048Hz, and analog-to-digitally 
converted on 12Bits 

Hashiguchi 
et al., 
2016 (29) 

Cross-
sectional 

M: 10 / F: 3 
Age: 58 ± 13.2 y 

TPS: 66.8 ± 24.2 days 

OG at SS: 2 x 10 m 
(with or without cane) 

 NNMF: bandpass-filtering 20-250 Hz, rectification and low-
pass filtering at 10 Hz 

Kautz et 
al., 2011 
(23) 

Case-
control 

M: 36 / F: 20 
R: 20 / L: 36 

Age: 61.0 ± 12.3 
y 

TPS: 5.1 ± 5.6 y 

M: 2 / F: 15 
Age: 65.1 ± 10.4 y 

Split-belt TM at SS: 3 x 30 s 
OG at SS (3x)/ FC (2x): 4.8 m 

 Ag/AgCL surface electrodes 

 NNMF: high-pass filtering at 40 Hz, debiasing, rectification 
and smoothing at 4 Hz (4th order Butterworth filter) 

Routson et 
al., 2013 
(26) 

Case-
control 

N = 28 
TPS: 6 m – 5 y 

N= 19 
(age-matched) 

TM at SS 
 16-channel EMG system at 2000z bilaterally 

 NNMF: high-pass filtering at 40 Hz, de-meaned, low pass 
filtering at 10 Hz (4th order Butterworth filter) 

Shiavi et 
al., 1987 
(27) 

Cross-
sectional 

N = 12 
R: 7 / L: 5 

TPS measurement 1: 1-10 w 
TPS measurement 2: 6-24 m 

OG at SS  
(with cane) 

 Bandpass-filtering at 40 Hz (4th order Butterworth filter) 
and lowpass filtering at 400 Hz (2nd order Butterworth filter) 

Srivastava 
et al., 
2016 (24) 

Case-
control 

M: 9 /  F: 3 
R: 5 / L: 7 
TPS: >3 m 

Gender- and age-
matched 

OG at SS 
 NNMF: high-ass filtering at 20 Hz, rectification and low-pass 

filtering at 6 Hz (2nd order Butterworth filter) 

M: male; F: female; R: right; L: left; y: years; m: months; w: weeks; n: amount; TPS: time post stroke; SS: self-selected speed; FC: fastest comfortable speed; TM: treadmill; OG: 
over ground; m: meter; s: seconds; EMG: electromyography; NNMF: nonnegative matrix factorization; Hz: hertz; Ag/AgCl: Silver/Silver-Chloride  

Table 3: Study characteristics  
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 514 
  515 

Reference 

Muscles 
Muscles 

measured 

TA
 

SO
L 

G
A

S 

R
F 

V
M

 

V
L 

B
F 

M
H

 

LH
 

G
m

e
d

 

G
m

ax
 

P
L 

A
L 

TF
L 

ES
 

 

Allen et al., 2013 (20) 
 

S3 S2 S2 S1  S1  S4 S4 S1      8 

Clark et al., 2009 (21) S3 S2 S2 
S1 

S1   S4 S4 S1      8 
S3 

Coscia et al., 2015 (22) S3 S2 S2 
S1 S1 

 
S1 

 
S1 

S1 S1 X S3 S1  12 
S3 S3 S3 S3 

Gizzi et al., 2011 (25) S3 S2 S2 S3  S3 S4    S1    X 8 

Kautz et al., 2011 (23) X X X X X   X X X      8 

Routson et al., 2013 (26) S3 S2 S2 
S1 

S1   
S4 
S1 

S4 
S1 

S1      8 
S3 

Shiavi et al., 1987 (27) S2 S1 S1 S2    S2        5 

Srivastava et al., 2016 (24) S2 S1 S1 
S2 

S3 S3 S4 S4  S3      9 
S3 

TA: tibialis anterior; SOL: soleus; GAS: gastrocnemius; VM: vastus medialis; VL: vastus lateralis; RF: rectus femoris; MH: medial hamstrings; LH: lateral 
hamstrings; Gmed: gluteus medius; Gmax: gluteus maximus; BF: biceps femoris; PL: peroneus longus; ST: semitendinosus; AL: adductor longus; TFL: tensor 
fascia latae; ES: erector spinae; 
 S1-S4: synergy 1-4 as mentioned in the studies; X = muscle measured 
Consensus synergies review: 

1)  Blue: synergy 1 =  GM + RF + VL 
2) Orange: synergy 2 = SOL + GAS 
3) Yellow: synergy 3 = TA (+RF) 
4) Green: synergy 4 = Hamstrings 
5) No colours: no distribution of synergies mentioned in the studies 

Table 4:  Amount and distribution of muscle synergies in healthy adults  
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 516 
  517 

Reference 

Muscles 
Muscles 

measured 

TA
 

SO
L 

G
A

S 

R
F 

V
M

 

V
L 

B
F 

M
H

 

LH
 

G
m

e
d

 

G
m

ax
 

P
L 

A
L 

TF
L 

ES
 

 

Allen et al., 2013 (20) 
 

S3 S1 S1 
S1 

 
S1 

 S2 S2 
S1 

     8 
S2 S2 S2 

Barroso et al., 2017 (28) X X X X  X X   X X  X X X 11 

Clark et al., 2009 (21) S2 S1 S1 

S1 S1 

  S3 S3 S3      8 S2 
S3 

S3 

Coscia et al., 2015 (22) S3 S2 S2 
S1 S1 

 
S1 

 
S1 

S1 S1 X S3 S1  12 
S3 S3 S3 S3 

Gizzi et al., 2011 (25) S4 
S2 

S2 S3  
S2 S2 

   S1    X 8 
S3 S3 S1 

Hashiguchi et al., 2016 (29) X X X X X  X  X       7 

Kautz et al., 2011 (23) X X X X X   X X X      8 

Routson et al., 2013 (26) S4 
S2 S2 S1 S1 

  
S1 S1 S1 

     8 
S3 S3 S2 S2 S3 S3 S2 

Shiavi et al., 1987 (27) S1 S2 S2 S1    S1        5 

Srivastava et al., 2016 (24) S2 S1 S1 
S2 

S3 S3 S4 S4  S3      9 
S3 

TA: tibialis anterior; SOL: soleus; GAS: gastrocnemius; VM: vastus medialis; VL: vastus lateralis; RF: rectus femoris; MH: medial hamstrings; LH: lateral 
hamstrings; Gmed: gluteus medius; Gmax: gluteus maximus; BF: biceps femoris; PL: peroneus longus; ST: semitendinosus; AL: adductor longus; TFL: tensor 
fascia latae; ES: erector spinae; 
 S1-S4: synergy 1-4 as mentioned in the studies; X = muscle measured 
Consensus merged synergies review: 

1)  Orange: merged synergy 1 = SOL + GAS + Gmed + Quadriceps 
2) Green: merged synergy 2 = Hamstrings + Gmed + Quadriceps 
3) Yellow: synergy 3a =  TA (+RF) 
4) Blue: synergy 3b = SOL + GAS + Hamstrings   
5) No colours: no distribution of synergies mentioned in the studies 

Table 5:  Amount and distribution of paretic muscle in stroke survivors   
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Synergy  Muscle group Muscles Time gait cycle Function  

S1 Hip abductors and 

hip/knee extensors 

M. Gluteus medius  

M. Rectus femoris 

M. Vastus Lateralis  

(M. Gluteus maximus) 

Early stance  Early stance breaking 

 Body support during weight acceptance  

 Controlling contralateral leg swing  

S2 Plantar flexors  

 

M. Soleus 

M. Gastrocnemius 

Late stance   Body support  

 Forward propulsion  

 Swing initiation  

S3 Dorsal flexors  

(knee extensors) 

M. Tibialis Anterior 

M. Rectus femoris 

Early swing  Ground clearance of foot 

S4 Hamstrings M. Semimembranosus 

(medial head) 

M. Semitendinosus 

(lateral head) 

M. Biceps femoris 

Late swing into 

early stance 

 Deceleration of the leg at end of swing (controlling leg 

in swing) 

 Controlling forward propulsion of body during early 

stance  

Synergy  Muscle group Muscles Time gait cycle Impairments  

MS1 Hip abductors, 

hip/knee extensors 

and plantar flexors  

(S1 + S2) 

M. Gluteus medius  

M. Rectus femoris 

M. Vastus Lateralis  

(M. Gluteus maximus) 

M. Soleus 

M. Gastrocnemius 

Stance   Reduction of forward propulsion generation  

 Breaking due to prolonged activity S1 and too early 

activity S2 

 Altered paretic leg swing  

 Extensor synergy  

 

MS2 Hip abductors, 

hip/knee extensors 

and Hamstrings  

(S1 + S4) 

M. Gluteus medius  

M. Rectus femoris 

M. Vastus Lateralis  

(M. Gluteus maximus)  

M. Semimembranosus 

(medial head) 

M. Semitendinosus 

(lateral head) 

M. Biceps femoris 

Swing into late 

stance  

 Forward propulsion, body support and ipsilateral swing 

leg affected  

 Impedes body support: flexion of the knee instead of 

extension of hip 

 M. Gluteus Medius decelerates the leg swing while 

knee extensors act to accelerate. Hamstrings potential 

to decelerate prior to heel strike was reduced.  

 Stiff knee gait  

MS3a Dorsal flexors  

with/without knee 

extensors (S3) 

M. Tibialis Anterior 

M. Rectus femoris 

TA: during stance 

TA+RF: swing  

 Decreased forward propulsion  

MS3b Plantar flexors and 

Hamstrings 

 (S2+S4) 

M. Soleus 

M. Gastrocnemius 

M. Semimembranosus 

(medial head) 

M. Semitendinosus 

(lateral head) 

M. Biceps femoris 

  Increased step length  

 Propulsion asymmetry 

 Slower walking speed  

 Decreased pre-swing angle 

S: synergy, MS: merged synergies, M: musculus, TA: Tibialis Anterior, RF: Rectus Femoris,   

Table 6: Composition and function of muscle synergies in healthy adults and merged synergies in stroke 518 
patients  519 
 520 
 521 


