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Abstract  

To build an understanding of the neurobiology underpinning arm recovery in people with 

severe arm impairment due to stroke, we conducted a pooled individual data systematic 

review to: 1) characterize brain biomarkers; 2) determine relationship(s) between biomarkers 

and motor outcome; and 3) establish relationship(s) between biomarkers and motor recovery. 

Three electronic databases were searched up to October 2, 2015. Eligible studies included 

adults with severe arm impairment after stroke. Descriptive statistics were calculated to 

characterize brain biomarkers, and pooling of individual patient data was performed using 

mixed-effects linear regression to examine relationships between brain biomarkers and motor 

outcome and recovery. Thirty-eight articles including individual data from 372 people with 

severe arm impairment were analysed. The majority of individuals were in the chronic (>6-

months) phase post stroke (51%) and had a subcortical stroke (49%). The presence of a motor 

evoked potential (indexed by transcranial magnetic stimulation) was the only biomarker 

related to better motor outcome (p = 0.02). There was no relationship between motor outcome 

and stroke volume (cm
3
), location (cortical, subcortical, mixed) or side (left vs. right), and 

corticospinal tract asymmetry index (extracted from diffusion weighted imaging). Only one 

study had longitudinal data, thus no data pooling was possible to address change over time 

(preventing our third aim). Based on the available evidence, motor evoked potentials at rest 

were the only biomarker that predicted motor outcome in individuals with severe arm 

impairment following stroke. Given that few biomarkers emerged, this review highlights the 

need to move beyond currently known biomarkers and identify new indices with sufficient 

variability and sensitivity to guide recovery models in individuals with severe motor 

impairments following stroke. PROSPERO: CRD42015026107. 

 

Keywords: stroke, upper extremity, biomarker, neuroimaging, neurophysiology. 
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Introduction 

Stroke mortality rates have reduced in parallel with advancements in acute healthcare 

(Krueger et al., 2015). Though this is a positive development, the net result is a larger number 

of people surviving stroke with severe arm motor impairments (Krueger et al., 2015). This 

results in significant loss of participation, productivity, and engagement in meaningful 

activities (Barker and Brauer, 2005). While recovery of arm function after stroke is crucial for 

overall quality of life (Edwards et al., 2010), people with severe impairments have limited 

access to intensive rehabilitation efforts (Hayward and Brauer, 2015). There is evidence 

however, that some people with severe arm impairment can attain partial, and sometimes even 

complete recovery of arm function (Hayward et al., 2014). However, identifying individuals 

with potential for recovery after severe stroke is challenging. Thus, to build an understanding 

of how to identify and then promote the return of arm function in people with severe 

impairments, we need to understand the neurobiology underlying motor outcome. 

 

Brain biomarkers may help to explain recovery trajectories and the neurobiology of motor 

outcomes after stroke. A biomarker is an indicator of disease state that can be used clinically 

to reflect underlying molecular/cellular processes that may be difficult to measure directly in 

humans, and could be used to predict recovery/treatment response (Bernhardt et al., 2016). 

Many biomarkers of brain structure and function have been discussed in the literature, 

including magnetic resonance imaging (MRI), resting (rsfMRI) or task-based functional MRI 

(fMRI), transcranial magnetic stimulation (TMS), positron emission tomography, and 

electroencephalography. Despite mixed opinions regarding the usefulness of different brain 

biomarkers (Krakauer and Hillis, 2014; Ward, 2015), people with severe impairment warrant 

investigation of brain biomarkers for two key reasons. Firstly, in individuals with severe 

motor impairment, both clinical scores (Prabhakaran et al., 2008; Stinear et al., 2012; Winters 
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et al., 2015) and clinical opinion (Kwakkel et al., 2000) show limited capacity to predict 

functional recovery. This is likely due to floor effects of many clinical scoring approaches, 

which fail to capture the substantial variability between individuals with severe arm 

impairment (Campbell Stewart and Cramer, 2013). Secondly, the addition of a brain 

biomarker (e.g., indexed using TMS or MRI) can enhance our ability to identify subgroups 

beyond that possible using a clinical measure alone (Stinear et al., 2012). Thus, there is a need 

to define brain biomarkers that provide a sensitive index of brain structure and function, and 

help predict motor outcome and recovery potential in this cohort.  

 

The use of brain biomarkers to determine a neurobiological basis for motor outcome of people 

with severe arm impairment is largely under-researched. A meta-analysis described the field 

as „skewed‟, with preferential enrolment of people with minimal baseline behavioural 

impairments in the majority of included studies (Hodics et al., 2006). Improved understanding 

of who might recover from severe arm impairments, via the use of brain biomarkers, could 

inform the development of new treatment approaches for this cohort. It is therefore imperative 

that we expand our understanding of the interaction between brain biomarkers and motor 

outcome to guide the development of innovative, targeted, and individualized interventions 

for people with severe arm impairment. 

 

This review sought to investigate brain biomarkers in people with severe arm impairment as a 

result of a stroke. In this cohort of individuals the objectives were to: 1) characterize brain 

biomarkers explored in the literature; 2) determine relationship/s between brain biomarkers 

and motor outcomes (controlling for select demographic variables of age, gender, and days 

post injury); and 3) establish relationship/s between biomarkers and motor recovery.  
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Methods 

Search strategy and selection criteria 

This study was registered on PROSPERO, October 26, 2015 (CRD42015026107). Electronic 

databases of MEDLINE OVID, EMBASE OVID and CINAHL EBSCO were searched up to 

October 2, 2015. Brain biomarkers targeted in our search strategy included magnetic MRI, 

fMRI, resting state fMRI, diffusion weighted imaging (DWI), electroencephalography (EEG), 

TMS, magnetoencephalography (MEG), magnetic resonance spectroscopy (MRS), positron 

emission tomography (PET). The full search strategy is available in Appendix 1 for 

MEDLINE OVID and EMBASE OVID, and Appendix 2 for CINAHL EBSCO.  

 

Eligible studies met the following criteria: a) adults (18 years and older) with a stroke (note: 

mixed samples were eligible if >50% of the sample had a stroke (Cochrane Collaboration, 

2011); and b) i) >50% of individuals had arm impairment defined as severe in the study 

inclusion criteria, or ii) at least two individuals had severe arm impairment; and 3) had a brain 

biomarker investigation performed at the same time as motor outcome assessment.  

Determination of severe arm impairment was based on motor outcome cutoffs consistent with 

pronounced weakness or complete hemiplegia of the arm, making it impossible to elevate the 

arm against resistance, and nearly impossible to hold the arm against gravity or perform fine 

finger movements (Rehme et al., 2012), which was determined from individual outcome data 

and predefined cutoffs (see Table 1). Studies were excluded if they were: a) a review or case 

study; b) investigated a pharmacological intervention (e.g., botulinum toxin); or c) not 

available with the full text in English.  

 

[Insert Table 1 about here]. 
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From the initial search result, all duplicate references were excluded first using the Endnote 

“find duplicates” filter and second, by hand search of references. All reference titles and 

abstracts were screened according to the predetermined eligibility criteria. The full texts of 

remaining references were retrieved and reviewed for eligibility by two reviewers (KH/JS). 

Authors (first and/or primary contact) of studies were contacted to clarify study details when 

eligibility was unclear. If there was disagreement regarding inclusion of a study between 

KH/JS, resolution was first attempted through discussion and if not resolved, a third reviewer 

(LB) was involved to achieve consensus. If still not resolved, a further two reviewers (SP/KW 

see acknowledgments) were included to reach consensus. Reference lists of eligible studies, 

along with all systematic and literature reviews yielded by the initial search strategy, were 

hand searched to identify potential studies not identified by the initial search strategy. 

Additional studies identified were subjected to the selection process as described above. Web 

of Science, a citation-tracking database, was also used to search for additional studies.  

 

Using a predetermined data extraction form, two reviewers (KH/JS) extracted all data from 

the earliest time-point of collection in each study. This afforded the extraction of baseline data 

within an intervention study, which recognises that therapeutic interventions might selectively 

affect the physiology of the biomarker and therefore alter the interpretation of the influence of 

the biomarker on outcome or recovery (Burke and Cramer, 2013). Data extracted included: a) 

study information including authors, publication year, design, and definition of stroke 

severity; b) participant information including age, sex, and stroke hemisphere and location; c) 

brain biomarker information, including raw data, collection method, timing, and frequency of 

measurement; d) arm clinical index information, including outcome measure of impairment, 

activity or participation, along with timing, and frequency of measurement); e) group (i.e., 

means, standard deviations, p values, effect size) and individual data (i.e., raw scores) for 
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biomarker, and clinical index; and f) miscellaneous data of potential importance. Studies of 

the same population were linked at data extraction to ensure that these data were only 

included once. Extracted data were entered and crosschecked from the original source by two 

authors independently (KH/JS). If queries or discrepancies regarding data extraction occurred, 

they were resolved through discussion. If consensus was not achieved, a third author (SP) 

extracted data. If still not resolved, two additional authors (LB/KW) performed data 

extraction. Coding of extracted data was completed prior to statistical analysis for four 

outcomes. Two authors independently coded data (KH/JS/SP/KW) and any discrepancies 

were resolved through discussion, and a third author (LB) as required. For full details of data 

extracted (b, c, d) and subsequent coding of variables extracted see Table 2.  

 

[Insert Table 2 about here] 

 

Statistical analysis 

To address each of the three objectives of the review the following analyses were undertaken. 

Objective 1: To describe brain biomarkers and the sample of individuals with severe arm 

impairment, we used descriptive statistics (mean, SD, range). 

 

Objective 2: To explore the relationship between a brain biomarker (predictor variable) and 

an index of arm motor outcome (dependent variable), we tested a series of mixed-effect 

regression models. All biomarkers were collected at the same time as the motor outcome, 

which needed to precede any planned interventions. As individuals were nested within 

different studies, the study ID was treated as a random-effect to control for the statistical 

dependence of the nested observations. Given that age, sex, and days post-injury may 

influence brain biomarkers these variables were treated as controlling variables in all 
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statistical models. As such, for each brain biomarker, we first modelled motor outcome 

(dependent variable) as a function of biomarker (e.g., motor outcome ~ lesion location) and 

then added demographic factors in the next step (e.g., motor outcome ~ lesion location, age, 

sex, and days post-injury). All predictor variables were mean-centred prior to analysis. Cooks 

distances were calculated to determine if any data points had undue influence on the overall 

model parameter estimates (Nieuwenhuis et al., 2012). Undue influence was defined by data 

points that were greater than 4/number of groups in the grouping factor (Van der Meer et al., 

2010). If this occurred, the data points were excluded from the final model. AIC, BIC and 

Wald‟s Test for statistical significance were used to assess model fit (Long, 2012). All 

analyses were conducted in software package R 3.2.3 (R Core Team, 2015) and used the 

“dplyr”, “lme4”, and “lmerTest” packages (Bates et al., 2015; Kuznetsova et al., 2015; 

Wickham and Francois, 2015). P-values for the individual coefficients in the statistical 

models were based on the Satterthwaite approximation (Kuznetsova et al., 2015). All models 

were fit using maximum likelihood estimation. 

 

Objective 3: To determine the relationship between biomarkers and motor recovery in people 

with severe arm impairment, the same statistical approach as in question 2 was adopted. The 

dependent variable, motor recovery, refers to the change in outcome between two timepoints 

(longitudinal). As such, to be included in this analysis there must have been two outcome 

scores separated by a period of time and no intervention. Biomarker information was 

extracted at all available timepoints. In addition to age, sex, and days post-injury, we also 

treated elapsed time between assessments as a controlling variable in all statistical models. 

Here the dependent variable, motor recovery, was defined as change between timepoint 1 and 

timepoint 2.  
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For objectives 2 and 3 models were only developed when raw scores on a clinical index were 

available for ≥50% of individuals. This provided a large data set with consistent outcomes, 

mitigating the need for normalisation. For all statistical models, significance was set at p 

≤0.05. If regression models could not be performed for a brain biomarker (e.g., due to 

insufficient individual data), results were reported descriptively.  

 

Results 

From the initial search strategy, 37 articles were included, with 35 independent study samples. 

Figure 1 outlines the flow of studies from search strategy through to inclusion. There were no 

instances of disagreement regarding potential inclusion that could not be resolved through 

discussion of the primary reviewers (KH/JS). Of the studies included, there were 329 

individuals across 35 studies that had severe arm impairment out of a total of 506 participants 

(65%). An additional five studies were identified from hand searches, which comprised 104 

individuals with severe arm impairment out of a total 178 participants (58%). Therefore, 40 

studies published from 1999 to 2015 were included, of which 433 (out of total study n = 684, 

63%) had severe arm impairment (See Table 3).  

 

[Insert Table 3 & Figure 1 about here] 

 

We attempted to extract individual data from all 40 studies. Twelve authors were contacted to 

provide additional individual brain biomarker and demographic data, of which six authors 

(50%) returned additional data. As such, we had 372 (out of 433, 86%) individuals with 

individual patient data for various biomarkers of interest across 38 studies. Data extraction 

was consistent across the two independent reviewers, with only four data points of difference 

in data extraction for which consensus was achieved through discussion.  
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Objective 1: Characterize brain biomarkers. 

Individual patient data was documented for stroke lesion characteristics of volume (n = 117, 

31% of individuals), location as identified by a CT or MRI (n = 316, 85% of individuals), and 

hemisphere (n = 336, 90% of individuals); presence or absence of a resting motor evoked 

potential (MEP) using TMS (n = 195, 52% of individuals); and corticospinal tract asymmetry 

index (n = 37, 10% of individuals). For fMRI, only one study had individual data available (n 

= 17, 5% of individuals). 

 

Lesion characteristics: The mean stroke lesion volume was 85 cm
3
 (SD 237 cm

3
), with lesion 

size <40 cm
3
 in the majority of individuals (n = 72, 62% of individuals). Of those individuals 

with specified lesion locations, the majority of individuals had a subcortical (n = 155, 49%), 

or mixed subcortical and cortical stroke (n = 133, 42% of individuals), with few having a 

cortical only stroke (n = 23, 7% of individuals) or other e.g., non-specific haemorrhage (n = 5, 

2% of individuals). There were comparable numbers of individuals with left (n = 165, 49% of 

individuals) and right (n = 171, 51% of individuals) hemisphere stroke lesions.  

 

Motor evoked potential: The most common location for evaluating MEP was in the hand (n = 

127, 65%; e.g., first dorsal interossei), followed by upper arm (n = 45, 23%; e.g., triceps 

brachii), and forearm (n = 23, 12%; e.g., extensor carpi radialis). Irrespective of time point 

post stroke, the majority of individuals had an absent MEP (n = 133, 68%) post stroke.  

 

Corticospinal tract integrity: This was extracted from raw data defining a segment or the 

whole tract. The mean asymmetry index of the corticospinal tract across all studies (n = 28) 

irrespective of time post stroke was 0.19 (SD 0.21).  
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Functional magnetic resonance imaging: Sensorimotor cortex activation during passive 

movements was explored in five studies (n = 50), one of which had individual data (n =17, 

5% of individuals) (Jang et al., 2004).  

 

Potential confounding demographic variables: Age at stroke onset was available for 355 

individuals (95% of the sample), sex for 349 individuals (94%), and days post stroke for 351 

individuals (91%). As shown in Table 4, there was considerable variation in age (17 to 86 

years) and days post stroke (0 to 5,040 days) in our sample.  

 

[Insert Table 4 about here] 

 

Objective 2: Determine relationship(s) between biomarkers and motor outcome. 

Fugl Meyer Arm (FM-UL) assessment was chosen as the outcome measure for statistical 

modelling because it was the most commonly reported (n = 206, 55% of individuals; Table 3). 

Brain biomarkers were not consistently measured across all included studies, which made it 

difficult to include multiple brain biomarker measures in a single model, and impossible to 

compare across different models, as they were based on different data. As such, models are 

reported for motor outcome as a function of brain biomarker, followed by a model controlling 

for demographic variables of interest.  

 

Stroke lesion location: There was no significant relationship between FM-UL and lesion 

location (Table 5). Furthermore, controlling for age, sex, and days since stroke did not 

significantly improve the fit of the model (Wald Test between models p = 0.28).  

 

[Insert Table 5 about here] 
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Stroke lesion volume: There was no statistically significant relationship between lesion 

volume (square root transformed and mean centred) and FM-UL (Table 6). Controlling for 

participant age, sex, and days since stroke did significantly improve the fit of the model: a 

statistically significant negative relationship between days since stroke and FM-UL score (p = 

0.01), and significantly lower FM-UL scores for female compared to male individuals (p = 

0.03) were observed. However, analysis of the Cook‟s distances for each model, demonstrated 

that data-points from Yin
24

 had undue influence on the parameter estimates for sex and days 

since stroke. Thus, when the models were re-analysed with Yin
24

 excluded, there were no 

statistically significant effects of lesion volume, sex, age, or days since stroke.  

 

[Insert Table 6 about here] 

 

Stroke lesion hemisphere: There was no statistically significant relationship between lesion 

hemisphere and FM-UL (Table 7). Controlling for participant age, sex, and days since stroke 

did not significantly improve the fit of the model, and there were no statistically significant 

relationships between any of these factors and FM-UL.  

 

[Insert Table 7 about here] 

 

Motor Evoked Potential: The first model predicted FM-UL as a function of presence or 

absence of a MEP post stroke for that individual. Individuals who had a MEP present had 

significantly higher FM-UL scores (p = 0.02). However, as researchers used different sites to 

record MEP, it is important to include location of MEP recording as a factor. We added a 

contrast coded MEP recording location predictor in the second model. Individuals who had a 

MEP present had statistically higher FM-UL scores compared to those who did not have a 
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MEP (p = 0.002). Furthermore, there was a significant interaction of presence of a MEP and 

recording location (p = 0.01). Specifically, the difference in FM-UL between individuals who 

had a MEP and those who did not, was larger in studies that indexed MEP in the forearm 

(Figure 2). 

 

[Insert Table 8, Figure 2] 

 

Due to the limited number of observations with complete MEP and recording location data 

(68 individuals from 5 studies) for the dependent measure of interest (FM-UL), we were 

cautious not to overfit our models by controlling for age, sex, and days since stroke. We did, 

however, analyse Cook‟s distances for these models. This showed that data-points from Hsu 

(2013) had undue influence on the parameter estimates, especially for the intercept and the 

effect of recording location. Thus, the models were re-analysed excluding Hsu (2013). 

Importantly, the significant interaction of MEP absence/presence by recording location 

persisted even with Hsu (2013) removed (Table 8). 

 

Corticospinal Tract Integrity: There was no statistically significant relationship between 

corticospinal tract asymmetry index post stroke and FM-UL (p = 0.45; Table 9). Given the 

small amount of available data for corticospinal tract integrity (28 individuals from 4 studies), 

we were cautious not to overfit the models by controlling for age, sex, and days since stroke 

(which had thus far proven to be poor predictors of FM-UL in individuals with severe stroke).  

 

Combining brain biomarkers of structural integrity: We were interested in the predictive 

utility of combining measures of MEP presence/absence and corticospinal tract integrity. 

Thus, in an exploratory model we included the main-effects of MEP and corticospinal tract 
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integrity. Controlling for the presence of an MEP, there was not a significant relationship 

between corticospinal tract integrity and FM-UL (p = 0.96), but controlling for CST integrity, 

there was still evidence that individuals who had a MEP also had higher FM-UL scores 

compared to individuals who did not have a MEP (p = 0.05; Table 9). It should be noted, 

however, that these results combine data from only 20 different individuals in two separate 

studies (Mang et al., 2015; Petoe et al., 2014) (Figure 3). 

 

[Insert Table 9, Figure 3] 

 

Functional magnetic resonance imaging: Only one study had individual fMRI data (Jang et 

al., 2004) and as a result we were unable to pool data. In this study there was a non-significant 

between group difference that demonstrated that people who activated the contralateral 

sensorimotor cortex post stroke showed better motor recovery than those who did not activate 

the contralesional sensorimotor cortex during passive movement.  

 

Objective 3: Establish relationship(s) between biomarkers and motor recovery. 

This question could not be answered using individual data in this review. One study reported 

assessing MEP longitudinally without the effect of an intervention (van Kuijk et al., 2009). 

This study only contributed baseline data; thus, we were unable to perform any analyses. This 

study did report that presence or absence of a MEP in abductor digiti minimi had similar 

predictive value for long-term hand motor recovery (26-weeks, FM-Hand >3 out of 14 points) 

as compared with clinical assessments (FM-UE) at 1- and 3-weeks post stroke.  
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Discussion 

This individual data review sought to investigate brain biomarkers in people with severe arm 

impairment that were associated with motor outcome after, or recovery from, stroke. To our 

knowledge this is the largest review of individuals with severe arm impairment after stroke to 

explore this topic by pooling individual patient data. In the available data, the presence of a 

MEP (collected using TMS) was the only biomarker related to a better motor outcome, 

indexed by FM-UL; this effect became stronger when MEP recording location was an 

analysis factor. Interestingly, there was no relationship between motor outcome and stroke 

lesion characteristics including volume (cm
3
), location (cortical, subcortical, mixed) or side 

(left vs. right), nor corticospinal tract asymmetry (collected using diffusion-weighted 

imaging). Furthermore, there was insufficient research identified by our search strategy to 

explore motor recovery.  

 

Motor evoked potential presence was associated with better motor outcomes: Our analysis 

demonstrated that it is important to index the integrity of the motor system using TMS in 

individuals with severe arm impairment after stroke. Assessment of whether a MEP is present 

or absent at rest provides insights into the physiology of neural circuits underlying motor 

impairment. The absence of a MEP indicates that the physiological integrity of the 

corticospinal tract is significantly damaged, preventing electrical potentials reaching the 

muscle of interest to enable a motor response (Byrnes et al., 1999; Turton et al., 1996). The 

results of the current study, which pooled individual patient data on people with severe 

impairment only, are consistent with previous research that included the full spectrum of 

severity, that is people with mild through to severe impairment (Pizzi et al., 2009; Stinear et 

al., 2012). This suggests that MEP presence is still sensitive to differences in function even in 

this restricted range of the FM-UL (≤30 out of 66).  
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When we investigated MEP by location of electromyographic collection (forearm vs. hand, 

upper arm) there were two interesting findings that emerged. Firstly, there were no MEPs 

present proximally (i.e., triceps brachii). This is perhaps not surprising given that distal 

muscles have been reported to more readily evoke a response relative to proximal muscles in 

healthy individuals, which is thought to be due to the larger cortical representation and lower 

activation thresholds (Byrnes et al., 1999).  

 

Secondly, when controlling for the location of MEP response (forearm vs. hand, upper arm 

excluded), the difference in impairment between individuals who had a MEP present 

compared with those who did not, was larger in studies that measured at the forearm. That is, 

studies in which the MEP was reported at the forearm had individuals who were less impaired 

than studies in which the MEP was assessed at the hand. This finding cannot be directly 

interpreted as evidence of a relationship between MEP presence, recording location, and 

impairment, as no studies directly compared MEP presence at the forearm and hand location 

within the same individuals. It is possible, for instance, that this result reflects a difference in 

MEP recording sites adopted in the primary studies rather than a relationship between MEP 

response and impairment itself. This highlights a gap that should be addressed by future 

research – what is the optimal location for MEP data collection in individuals with severe 

impairment? We can hypothesise that the forearm may be ideal based on cortical 

representation, as isolated muscles of the hand have a larger and more topographically defined 

cortical representation, whereas muscles of the forearm have a smaller, more diffuse cortical 

representation compared to the forearm (Hlustik et al., 2001). Alternatively, it may reflect 

natural recovery and return of movement after stroke, which has been found to be more likely 

for gross movements (e.g., wrist extension) as compared to fine movements (e.g., isolated 

finger extension) in people with severe impairment (Barker et al., 2008).  
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Taken together, although MEP presence appears to be a good predictor of impairment status 

at the group level, there is considerable individual variation within those groups that needs to 

be explained (which can be seen in Figure 2 and the standard errors for the effect of MEP in 

Table 8). 

 

Lack of relationship between other brain biomarkers and motor outcome: Surprisingly, there 

was no relationship between arm impairment and stroke lesion size, location and hemisphere, 

and corticospinal tract integrity as measured by diffusion weighted imaging. This may be 

explained by several factors. First, a large factor influencing these null findings might be 

range restriction in the variables investigated e.g., FM-UL (≤30 / 66), coding of the lesion 

location (i.e., cortical, cortical + subcortical, subcortical) and white matter integrity (i.e., 

asymmetry index for the corticospinal tract usually ascribed as greater than 0.15-0.25). Range 

restriction creates a problem because the statistical strength of the relationship (e.g., between 

Fugl Meyer and lesion volume) might be large when we consider the full spectrum of 

impairment, yet, when we constrain ourselves to the most severely impaired individuals, this 

relationship might be much smaller or non-existent. While this may indicate a limitation in 

the way we defined our range, it also suggests that these biomarkers may not be ideal when 

attempting to differentiate the most severely impaired individuals.  

 

Second, it is possible that we have not identified the ideal clinical index that best captures the 

relationship between motor outcome and brain biomarkers. In this review, the majority of 

studies indexed an individual‟s motor impairment according to the FM-UL. While this 

measure has limitations (e.g., based on reflexive and normal patterns of movement), it is 

widely used in research to rate level of impairment and has strong psychometric properties 

(Duncan et al., 1983; Hseuh and Hseih, 2002; Platz et al., 2005). Yet, it is possible that an 
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alternate measure of impairment that focuses solely on muscle strength (e.g., manual muscle 

test of Shoulder Abduction and Finger Extension, SAFE (Stinear et al., 2012)) or a measure 

of motor capacity (e.g., Action Research Arm Test (Nordin et al., 2014) or Wolf Motor 

Function Test (Wolf et al., 2001)) may be better to use when relating to brain biomarkers.  

 

Next, it is possible that we are not exploring the ideal regions of interest in the severely 

damaged brain. For example, the lack of a relationship between corticospinal tract asymmetry 

index and motor outcome might appear contradictory to previous work (Feng et al., 2015; 

Stinear et al., 2012). However, past studies had mixed samples that were dominated by 

individuals with mild to moderate arm impairment after stroke (Mang et al., 2015; Petoe et al., 

2014). Our analyses suggest that for those with severe arm impairment the integrity of the 

corticospinal tract as measured by diffusion imaging (i.e., asymmetry index) is not reliably 

related to motor outcome. This may be due to significant damage and subsequent lack of 

signal that can be derived from this tract when investigating a group of individuals with 

severe impairment. The lack of significant brain biomarkers derived from neuroimaging in the 

current literature provides the impetus to explore alternative areas of the brain that may 

generate a more sensitive biomarker/s.  

 

Our data suggest that the field may not be considering the most informative neuroimaging 

modalities in people with severe arm impairment. Limited studies were identified that 

explored resting- or task-based fMRI in people with severe impairment, and satisfied our 

inclusion criteria. Given the inherent challenge for people with little movement to perform 

tasks during fMRI it was reasonable to expect that we would identify few studies. It was 

surprising that no studies included rsfMRI, as a benefit of this imaging technique is people 

with no to little movement can undergo the imaging protocol. As this modality is relatively 
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new and used less often in the field, its inclusion in few studies may reflect this issue. 

Alternatively, our inclusion may have influenced inclusion of rsfMRI studies, with 

predominantly mixed samples (mild through to severe) ineligible. This does highlight an area 

for future work, as it will be important to determine if rsfMRI is a biomarker of motor 

outcome and recovery in this cohort. 

 

Finally, given the complexity of relationships between biomarkers, it may be that a 

multimodal approach is required that combines several biomarkers together e.g., combining 

lesion size, location or motor evoked potential response with damage to the corticospinal tract 

(Feng et al., 2015; Stinear et al., 2012). However, a lack of common data elements and 

methods adopted across studies made such a multimodal assessment impossible in this review. 

 

Describing the sample of people with severe arm impairment: The majority of individuals 

(52%) whose data were included in this review were over 6-months post stroke, while 8% 

were between 1- to 6-months post stroke and only one study performed longitudinal 

assessments. This is concerning as it appears we know very little about recovery trajectories 

after severe stroke during the time frame that is considered optimal for spontaneous (Byblow 

et al., 2015; Prabhakaran et al., 2008; Winters et al., 2015) and functional recovery (Houwink 

et al., 2013; Kwakkel et al., 2003). Given that people with severe arm impairment often do 

not follow the spontaneous biological recovery model (Prabhakaran et al., 2008), more 

research is required in the first 6 months after stroke to understand the neurobiology of 

recovery. Recent work suggested that MEP presence identifies those who will follow the 

spontaneous biological recovery model (Byblow et al., 2015). Given that this work has 

predominantly focused on individuals with mild to moderate impairment, it remains to be 

determined if MEP presence is sufficient, or if other biomarkers interplay, to explain why the 
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severe cohort do not closely follow the model of spontaneous biological recovery. Individual 

differences in severely impaired individuals in the present data suggest that although MEP 

presence/absence is very informative, there is considerable variation left to be explained.   

 

Strengths and limitations: 

The present pooled review of individual patient data captured a dataset of individuals with 

severe arm impairment after stroke and undertook an individual patient data analysis process 

(e.g., nested study statistics, looked for outlier studies using Cook‟s test, investigated the fit of 

the model using Wald Test). This allowed us to provide reliable reports of the available 

evidence and enabled extraction and analysis of data from individuals with severe impairment 

in isolation from other individuals who had mild to moderate impairments. Furthermore, 

pooling of individual data enabled an investigation beyond the mean of a single study. 

Previous studies have demonstrated that pooled individual data can depict a different story to 

aggregate group data (Jones et al., 2009). In the current review, it was critical to pool 

individual data from a multiple studies, effectively creating a larger sample size with 

statistical power to explore biomarkers in people with severe arm impairment. Other strengths 

of the individual data pooled in this review were consistent reporting of potential confounders 

that enabled us to control for the effect of age, sex, and days post stroke; a common definition 

for categorising severe impairment (i.e., coding and cut-points) using raw scores; and 

representation from data collected in US, Canada, New Zealand and European countries. 

Taken together, the current meta-analysis represents an important step forward in the field of 

neurorehabilitation research that can inform future studies using individual participant data.  

 

While we pooled a large amount of individual data on an under-researched population of 

individuals, there are some limitations. Firstly, for some biomarkers our sample size was 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
Individual patient-data review: Severe arm impairment 

21 

limited e.g., corticospinal tract asymmetry where n = 37. A larger sample in an isolated cohort 

of people with severe upper limb impairment will be necessary to confirm our finding. We 

could not control for deficits in cognition and sensation, as these were generally not reported 

in the studies we reviewed; yet, it is plausible that both factors influence motor outcome. 

Secondly, we were limited in our ability to investigate the contribution of multiple biomarkers 

to the assessment of motor outcome and recovery. As we recognise that no isolated biomarker 

is likely to explain all the variance in motor outcome, there is a need to build a larger data set 

around this question in people with severe impairment. This would allow investigation of 

more complex, multi-variable relationships. Similarly, we could not perform analyses for 

hand dominance or motor function due the limited data available. These are important future 

lines of research to investigate convergence of impairment findings and highlight the need to 

identify a common data element for functional outcomes in future studies. We could not 

obtain individual data from all eligible studies, as some people did not return individual data, 

which may have influenced our findings. Finally, there were some biomarkers that have a 

theoretically sound rationale for use in people with severe impairment such as rsfMRI, but no 

studies were found. This reflects a gap between potential benefit and research uptake.  

 

Conclusion:  

Taken together the findings of this review suggest that future work needs to include brain 

biomarkers to enable us to build understanding of the neurobiology of recovery after severe 

stroke. Based on the evidence included in this pooled review of individual patient data, it 

appeared that a MEP at rest is the only current biomarker that is associated with outcome in 

individuals with severe arm impairment following stroke. Review of existing data suggests 

that data from the forearm location has the strongest relationship with motor outcomes in this 

cohort. Yet, given that few biomarkers emerged, our review also shows that we need to move 
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beyond currently known biomarkers and look to identify new indices that have sufficient 

variability and sensitivity to guide recovery models in people with severe impairment.  
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Table 1: Referent cut-off values to define severe upper limb impairment and activity on commonly used scales.  

 

Outcome measure Severity cut-off Rationale for cut-off 

Fugl Meyer Upper Limb Assessment <31 out of 66  Consistent with a lack of dexterous hand function 

Manual muscle testing <3 out of 5  Consistent with a lack of movement against gravity 

Motor Assessment Scale: upper arm function <3 out of 6 Consistent with an inability to perform a straight-line reach against gravity 

Action Research Arm Test <15 out of 60  Consistent with a lack of dexterous hand function 

Motricity Index, upper limb <20 out of 100  Consistent with a lack of dexterous hand function  

Frenchay Arm Test <2 out of 5  Consistent with a lack of dexterous hand function  

NIHSS upper limb item 3 or 4 out of 4 Consistent with a lack of movement against gravity  

Mayo Clinic Strength 3 or 4 out of 4 Consistent with a lack of movement against gravity  

 

Note: NIHSS NIH Stroke Severity scale.  
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Table 2. Description for demographic and brain biomarkers of interest. 

Variable Description of data extraction  Coding  

Demographics   

Age  In years at time of stroke - 

Days post stroke Days, converted from months (*30) or years (*12*30) as required 0-30 days; 31-90 days; 91-180days, >180 days 

Sex Male, Female - 

Brain biomarkers 
 

Lesion volume  cm
3
 - 

Lesion side  Right, left - 

Lesion location As reported in text; only extracted if reported from CT or MRI at 

time of study data collection 

Cortical, subcortical, mixed (cortical + subcortical), non-specific haemorrhage  

Motor evoked 

potential 

At rest, and location of electromyographic collection  Motor evoked potential response: present or absent 

Location: hand, any muscle with an action on the fingers or thumb; forearm, any 

muscle with an action on the wrist or forearm; or upper arm, any muscle with an 

action at the elbow or shoulder 

Corticospinal tract  Fractional anisotropy of segment, whole tract or region for the 

ipsilesional and contralesional hemisphere  

Asymmetry index [contralesional - ipsilesional fractional anisotropy] / 

[contralesional + ipsilesional fractional anisotropy] 
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Table 3: Table of included study characteristics. 

# Author(Year) 
Overall 

study n 

IPD 

extracted n 

Sex, 

female n 

Age, 

mean 

Days post 

stroke, mean 
Motor outcome, mean  

Included in IPD analysis 

Location Volume Hemisphere TMS 
CST 

AI 

1 Barker (2012) 28 28 8 66·0 1296·0 MAS6: 1 - - - - - 

2 Bhasin (2012) 20 19 2 45·7 257·4 FM-UL: 17·8 � � - - - 

3 Bradnam (2012) 12 3 1 55·0 380·0 FM-UL: 24 � � � - � 

4 Buch (2012) 8 8 3 58·4 945·0 
MRC Finger Flexors 

0·37, Extensors 0·0 

- - - - - 

5 Daly (2014)  23 20 8 53·8 657·2 FM-UL 19·6 � � � - - 

6 Delvaux (2003) 16 16 8 65·3 1·0 MRC hand: 0·67 - - - - - 

7 Fang (2015) 10 3 1 60·6 5·3 FM-UL: 22.7 � - � - - 

8 Feydy (2002) 14 4 1 55·5 30·0 FAT: 0.5 - - - - - 

9 Harris Love (2015) 16 10 4 57·3 2062.8 FM-UL: 22·0 � - � � - 

10 Harris-Love (2011) 11 7 2 54·0 2736·0 FM-UL: 23·4 - - � � - 

11 Hendricks (2003) 43 - - - - - - - - - - 

12 Hsu (2013) 12 4 1 62·0 23·5 FM-UL: 22·5 � - � � - 

13 Jang (2004) 17 17 3 53·0 18·9 MI hand: 0·0 - - - - - 

14 Kimberley (2006) 7 7 3 56·6 1581·4 FM-UL: 10·7 � - � - - 

15 Lai (2015) 72 17 4 63·4 342·0 MRC hand grip: 0 - - - - - 

16 Lindberg (2004) 10 6 2 57·0 790·0 MAS items 6-8: 2 - - - - - 

17 Lindenberg (2010) 20 5 1 56·2 864·0 FM-UL: 22·3 � - � - - 

18 Mang
 
(2015) 24 7 2 60·7 1796·0 FM-UL: 12·7 � � � � � 

19 Nelles (1999) 6 6 2 64·2 <84·0 FM-UL: 10·2 � - � - - 

20 Papathanasiou (2003) 7 4 0 56·3 >180·0 
No wrist/finger 

antigravity 
- - - - - 
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21 Petoe (2014) 30 13 10 70·3 12·0 FM-UL: 12.1 � � � � � 

22 Qui (2011) 12 5 2 59·2 
90·0 to 

270·0 
FM-UL: 29·0 � - � - � 

23 Rehme (2011) 11 3 2 67·3 2·0 ARAT: 4·0 - - - - - 

24 Rosso (2013) 22 6 3 47·3 30·1 NIHSS UL: 3·8 - - - - - 

25 Shimizu (2002) 21 11 2 62·7 115·4 
Mayo Clinic Strength 

-4 
- - - - - 

26 Song (2015) 13 3 2 59·8 600·0 NIHSS UL: 3·5 - - - - - 

27 Stagg (2012) 17 4 2 72·5 892·5 FM-UL: 23·0 � � � - - 

28 Sterr (2014) 10 10 7 58·2 1005·0 FAT: 0·5 - - - - - 

29 Sterr (2010) 10 - - - - - - - - - - 

30 Szameitat (2012) 5 5 2 62·0 1800·0 No hand function - - - - - 

31 Theilig (2011) 24 23 9 59·7 100·4 
MRC Wrist & Finger 

Extensors 0·0 
- - - - - 

32 van Kuijk (2009) 39 39 19 61·5 8·2 FM-UL: 0·0 � - � � - 

33 Varkuti (2013) 9 7 2 48·6 294·9 FM-UL: 13·1 � - � - - 

34 Von Lewinski (2009) 9 7 5 57·0 998·6 ARAT: 4·8 - - - - - 

35 Wang (2013) 5 5 1 61·8 45·0 FM-UL: 5·0 � - � � - 

36 Wei (2013) 12 4 2 48·0 14·0 to 42·0 FM-UL: 13·0 � - � - - 

37 Wong (2013) 10 3 1 54·3 1770·0 FM-UL: 17·3 � � � - - 

38 Wu (2015) 12 3 3 61·0 205·0 FM-UL: 23·7 � � � - - 

39 Xu (2014) 13 6 - 48·0 4·7 MI UL: 8·2 - - - - - 

40 
Yin 

(2012,2013,2014)  
24 24 5 61·0 687·5 FM-UL: 9.2 � � � - - 
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Note: ARAT Action Research Arm Test; CST AI corticospinal tract asymmetry index; FAT Frenchay Activity Test; FM-UL Fugl Meyer Upper Limb assessment; IPD 

individual patient data MAS6 Motor Assessment Scale; MI UL Motricity Index Upper Limb; MRC Medical Research Council manual muscle test grade; n number of 

participants; NIHSS UL NIH Stroke Scale upper limb section; TMS transcranial magnetic stimulation; grey shaded represent papers found outside initial search strategy 

results. - indicates there was no individual patient data with a corresponding FM-UL available for pooling. �indicates that there was individual patient data with a 

corresponding FM-UL available for pooling. 
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Table 4. Demographic, brain biomarker and motor outcome characteristics.  

Variable n* Mean (SD) Range 

Demographics 
   

Age (yrs) 355 58·6 (12·8) 17·0; 86·0 

Days post stroke 351 564·8 (903·8) 0·0; 5,040·0 

Sex    

     Male 220 - - 

     Female  129 - - 

Brain biomarkers 
   

Lesion volume (cm
3
) 117 84·9 (236·6) 0·1; 2 371·0 

Lesion side     

     Right 171 - - 

     Left  165 - - 

Lesion location    

     Cortical 23 - - 

     Subcortical 155 - - 

     Mixed 133 - - 

     Nonspecific haemorrhage  5 - - 

Corticospinal tract asymmetry index 37 0·19 (0·21) -0·45, 1·0 

Motor outcome measures    

Fugl Meyer Arm 206 13·0 (10·0) 0·0, 30·0 

Action Research Arm Test 13 8·7 (8·9) 0·0, 29·0 

Motricity Index, Arm 28 3·8 (9·3) 0·0, 39·0 

Frenchay Activity Test 14 0·5 (0·6) 0·0, 1·5 

NIH Stroke Scale 9 3·7 (0·5) 3·0, 4·0 

* Total number of individuals was 372.
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Table 5. Model comparisons for the effect of lesion location on motor outcome, Fugl-Meyer Arm score.  

Best fitting model parameters (based on Wald Test) Estimate SE t-value p-value 

Intercept  15·56 1·83 8·50 <0·001 

Lesion Contrast1  -0·07 1·29 -0·06 0·96 

Lesion Contrast2  0·50 0·46 1·08 0·28 

 

Note. The best fitting model included only the contrast coded predictors of lesion location (AIC = 1245.5; BIC = 1261.6) with 187 individuals across 19 different studies.  

Adding the factors of Sex, Age, and Days Since Stroke (DSS) did not significantly improve the fit of the model (AIC = 1247.7, BIC = 1273.5, Wald Test p = 0.28). Sex was 

coded as female = 0·5, male = -0·5; age was centred around overall mean age = 58·56; and days since stroke (DSS) was square root transformed (rtDSS) and then centred 

around the root-transformed mean. This led to an approximately normal distribution of residuals and homoscedasticity of the residuals. Orthogonal contrasts for lesion 

location as cortical, mixed, and sub-cortical stroke as 1, 0, -1, respectively for Contrast 1 (Contrast 2 = -1, 2, -1).  AIC Akaike information criterion. BIC Bayesian information 

criterion. AIC Akaike information criterion. BIC Bayesian information criterion. 
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Table 6. Model comparisons for the effects of lesion volume on motor outcome, Fugl-Meyer Arm score. 

Best fitting model parameters (based on Wald Test) Estimate SE t-value p-value 

Intercept  18·21 1·81 10·07 <0·001 

Lesion rtVolume  0·002 0·003 0·85 0·40 

Sex  -3·50 1·56 -2·25 0·03 

Age  0·03 0·06 0·47 0·64 

rtDSS  -0·19 0·07 -2·62 0·01 

Best fitting model
 
parameters (excluding Yin, 2012) Estimate SE t-value p-value 

Intercept  19·30 1·39 13·86 <0·001 

Lesion rtVolume  0·003 0·002 1·11 0·27 

Sex  -2·24 1·54 -1·45 0·15 

Age  0·03 0·06 0·44 0·66 

rtDSS  -0·12 0·07 -1·63 0·11 

 

Note. The best fitting model included lesion volume, Sex, Age, Days Since Stroke (DSS; AIC = 605.4, BIC = 622.9, Wald Test p < 0.01) and was based on 89 individuals 

from 9 different studies. The fit of this model was a significant improvement beyond lesion volume alone (AIC = 611.8, BIC = 621.7). Sex was coded as female = 0·5, male = 

-0·5; age was centred around overall mean age = 58·56; and DSS and lesion volume were square root transformed (rtDSS, rtVolume) and then centred around the root-

transformed mean. This led to an approximately normal distribution of residuals and homoscedasticity of the residuals. Data from Yin (2012) exerted significant leverage on 

the model, and thus the model was rerun with these data excluded (AIC = 426.6; 441.8; based on 65 individuals from 8 different studies). Cook‟s distance for Yin (2012) was 
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0·51, which is greater than the „4/number of groups in the grouping factor‟ recommended cut-off (i.e., 4/9 = 0.44; (Van der Meer et al., 2010) and thus was excluded in the 

final model. AIC Akaike information criterion. BIC Bayesian information criterion. 
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Table 7. Model comparisons for the effects of lesion hemisphere on motor outcome, Fugl-Meyer Arm score. 

Best fitting model parameters (based on Wald Test) Estimate SE t-value p-value 

Intercept  16·54 1·68 9·86 <0·001 

Lesion hemisphere  0·35 0·99 0·36 0·72 

 

Note. The best fitting model included only the contrast coded predictor of lesion hemisphere (AIC = 1192.8; BIC = 1205.5) with 179 individuals across 20 different studies.  

Adding the factors of Sex, Age, and Days Since Stroke (DSS) did not significantly improve the fit of the model (AIC = 1196.5, BIC = 1218.8, Wald Test p = 0.53). 

Hemisphere was coded right = 0·5, left = -0·5; sex was coded as female = 0·5, male = -0·5; age was centred around overall mean age = 58·56; and DSS was square root 

transformed and then centred around the root-transformed mean. This led to an approximately normal distribution of residuals and homoscedasticity of the residuals. AIC 

Akaike information criterion. BIC Bayesian information criterion. 
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Table 8. Model comparisons for the effects of motor evoked potential (MEP) response on motor outcome, Fugl-Meyer Arm score. 

Best fitting model parameters (based on Wald Test) Estimate SE t-value p-value 

Intercept  11·18 3·87 2·89 0·05 

MEP  3·52 1·06 3·32 <0·01 

Location  1·88 3·89 0·48 0·63 

MEP*Location  -5·59 2·12 -2·64 0·01 

Best fitting model parameters
 
(excluding Hsu, 2013) Estimate SE t-value p-value 

Intercept  7·58 0·96 7·94 <0·01 

MEP  3·24 1·12 2·90 <0·01 

Location  -11·72 1·92 -6·14 <0·01 

MEP*Location  -5·84 2·24 -2·61 0·01 

 

Note. The best fitting model included MEP presence, recording location, and the interaction of these terms (AIC = 404.5, BIC = 417.8, Wald Test p = 0.04) and was based on 

68 individuals from 5 different studies. In this model, upper arm recording locations were excluded, as there were no MEPs elicited in the upper arm. The fit of this model was 

a significant improvement beyond MEP presence alone (AIC = 406.9; BIC = 415.8). MEP was coded 0·5 = MEP positive, -0·5 = MEP negative; recording location was coded 

hand = 0·5, forearm = -0·5. This led to an approximately normal distribution of residuals and homoscedasticity of the residuals. Data from Hsu (2013) exerted significant 

leverage on the model, and thus the model was rerun with these data excluded (AIC = 369.5; BIC = 382.5; based on 64 individuals from 4 different studies). Cook‟s distance 

for Hsu (2013) was 17·57, greater than the „4/number of groups in the grouping factor‟ recommended cut-off (i.e., 4/5 = 0.2; (Van der Meer et al., 2010) and thus was 

excluded in the final model. AIC Akaike information criterion. BIC Bayesian information criterion.
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Table 9. Model comparisons for the effects of corticospinal tract asymmetry index on motor outcome, Fugl-Meyer Arm score. 

Parameters of the best fitting model (by Wald Test) Estimate SE t-value p-value 

Intercept  13·20 1·65 8·01 <0·001 

Corticospinal tract asymmetry index  0·44 8·64 0·05 0·96 

MEP  5·70 2·77 2·06 0·05 

 

Note. The best fitting model included MEP presence and the Corticospinal tract asymmetry index (AIC = 137.7, BIC = 142.6, Wald Test p = 0.05) and was based on 20 

individuals from 2 different studies. The fit of this model was significantly better than Corticospinal tract asymmetry alone (AIC = 139.51; BIC 143.49). Corticospinal tract 

asymmetry index was centred around the group mean of 0·19. Motor Evoked Potential (MEP) was coded 0·5 = MEP positive, -0·5 = MEP negative. There was an 

approximately normal distribution of residuals and homoscedasticity of the residuals. AIC Akaike information criterion. BIC Bayesian information criterion. 
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Figure 1: Flow of studies from search results through to data extraction. 
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Figure 2. Fugl Meyer Arm Assessment scores as a function of whether or not a motor evoked potential could be 

elicited and recording location. „n‟ denotes the number of individuals contributing to the means and SDs at each 

point. 
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Figure 3. Fugl Meyer Arm assessment as a function of the asymmetry index of corticospinal tract asymmetry 

index and whether or not a motor evoked potential could be elicited for that participant. At this level of 

stratification, we only have 20 individuals from two studies (Petoe et al., and Mang et al.).  
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Highlights 

 

 The majority of studies investigated individuals in the chronic stage of stroke recovery.  

 

 Presence of a motor evoked potential at rest was related to a better motor outcome after 

stroke.  

 

 Lesion and white matter characteristics were not related to motor outcome in this 

individual patient data review.  


