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Abstract —Functional near-infrared spectroscopy (fNIRS) 

has been increasingly applied in poststroke research. The 

accumulated evidence in this area warrants a 

comprehensive review systematically investigating the 

utility of fNIRS in poststroke rehabilitation, specifically 

focusing on upper limb motor recovery. The target of this 

systematic review was the use of fNIRS for monitoring 

brain function, predicting outcomes, and evaluating 

rehabilitative interventional responses in poststroke 

patients with upper limb hemiplegia. A literature search 

was carried out using PubMed, Web of Science, EMBASE, 

Medline, and IEEE Explore, to identify studies that applied 

fNIRS in stroke survivors. A total of 52 studies were 

included, with 23 cross-sectional studies, 8 longitudinal 

studies and 21 interventional studies. The majority of the 

included fNIRS studies displayed a bilateral activation 

pattern in patients after stroke during paretic upper limb 

movement. The change in hemispheric laterality, measured 

by oxygenated hemoglobin concentration changes (Δ[HbO]) 

levels in different corticomotor regions, has been found to 

be correlated with motor recovery following a stroke. 

Various rehabilitation interventions, such as exercise-based, 

stimulation-based, and neurofeedback techniques, 

improved recovery outcomes by increasing Δ[HbO] levels in 

the ipsilesional sensorimotor and secondary motor areas. 

These interventions also recruit different brain regions 

connected to the ipsilesional sensorimotor area, thereby 

strengthening their connectivity. In conclusion, outcomes 

derived from fNIRS demonstrate promise in monitoring 

brain function, predicting outcomes, and evaluating 

responses to interventions in patients after stroke. Future 

fNIRS research can be enhanced by adhering to best 

practice checklists, utilizing the latest experimental setup 

and analysis protocols, and recruiting large sample sizes. 

Index Terms— Stroke; Functional Near-Infrared 

Spectroscopy; Upper limb; Neuroplasticity; Rehabilitation1 
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I. INTRODUCTION 

troke is the second leading cause of death and disability 

worldwide [1]. Over 85% of stroke survivors experience 

upper limb dysfunction [2], and around 65% of those who have 

survived a stroke retain residual upper extremity deficits six 

months or more after the onset of the stroke [3]. As a type of 

cerebrovascular disease, poststroke brain physiology is 

primarily characterized by pathological changes in cerebral 

hemodynamics. Therefore, hemodynamic signals can offer 

valuable information for monitoring brain function, predicting 

prognosis, and guiding poststroke rehabilitation interventions 

[4]. Magnetic resonance imaging (MRI) has been extensively 

utilized to evaluate cerebral blood flow following stroke [5]. 

For example, arterial spin labelling has been used as one of MRI 

techniques for the detection of cerebral perfusion deficit and 

ischemic penumbra. The outcome indicator offers reliable 

monitoring of cerebral blood flow and valuable insights for 

prognostic prediction following an acute stroke [6]. 

In addition to cerebral perfusion imaging, functional MRI 

(fMRI) provides unique insight into the recovery in poststroke 

patients [7, 8]. Poststroke recovery can be understood through 

two key conceptual models: the hemispheric rivalry model and 

the vicariation model [9, 10]. The hemispheric rivalry model 

describes that the recovery following stroke is linked to the 

rebalance of the bilateral hemispheric activities, with the 

decrease in the hyperinhibitory flow from the contralesional 

hemisphere to the ipsilesional hemisphere, while the vicariation 

model describes that the recovery after stroke is associated with 
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the capacity of the contralesional hemisphere in substituting for 

the function of the ipsilesional hemisphere, especially when the 

ipsilesional hemisphere is severely damaged [11]. Longitudinal 

fMRI studies have revealed a shift occurs from initial activation 

in the contralesional hemisphere during paretic hand movement 

execution to later activation returning to the ipsilesional 

hemisphere, indicating a rebalancing of bilateral hemispheric 

activity during motor recovery following a stroke [12, 13]. 

According to a meta-analysis of fMRI studies, the level of 

activation in the ipsilesional primary motor (M1) and premotor 

cortex (PMC) during movement execution with affected upper 

limb was associated with a favorable recovery outcome [14]. In 

addition, another study showed that increased activation in 

contralesional M1 and PMC was associated with functional 

recovery in severely affected stroke survivors [15]. Therefore, 

these fMRI studies have provided empirical evidence to support 

both conceptual models of poststroke recovery. 

Motor recovery following stroke is also closely associated 

with neural reorganization in the connectivity and network 

levels [16]. For instance, some longitudinal fMRI studies have 

shown that changes in interregional connectivity between the 

bilateral SMC correlate with improvements in motor functions 

of the affected upper limb in patients with stroke [17-19]. In 

addition, brain network analysis based on graph theory has been 

increasingly applied in fMRI studies with poststroke patients in 

outcome evaluation and prognostic prediction [20].  

Further, neural correlates of motor recovery processes have 

been targeted via real-time fMRI neurofeedback training with 

the aim of promoting functional reorganization of disturbed 

brain activity and inducing neuroplasticity [21]. For instance, 

cortical target brain areas for real-time fMRI neurofeedback 

training included the supplementary motor area (SMA) [22], 

and its activity was entrained using a graded kinesthetic motor 

imagery (MI) paradigm. A more recent randomized controlled 

trial (RCT) targeted the laterality index (LI) of the M1 during a 

motor execution task [23].  

To date, neuroscientific and clinical mechanistic research in 

poststroke recovery has primarily been supported by(f)MRI or 

fMRI-based real-time neurofeedback. However, the use of 

(f)MRI is often limited by its high cost, accessibility issues, 

patient discomfort, sensitivity to motion, and the complexity of 

data interpretation. Functional near-infrared spectroscopy 

(fNIRS) on the other hand, is a more mobile and cost-effective 

hemodynamic optical neuroimaging modality, compared to 

fMRI, making it an ideal neuroimaging solution for real-world 

clinical applications [24, 25]. fNIRS detects changes in the 

concentrations of oxygenated hemoglobin (Δ[HbO]) and 

deoxygenated hemoglobin ([ΔHbR]) associated with neuronal 

activity [26]. Compared to fMRI, fNIRS measurements can be 

conducted in an upright position and without physical restraints 

during task execution, or even during walking (as it is less 

susceptible to motion artifacts) [27]. Therefore, it is much easier 

to use fNIRS in various functional task conditions to evaluate 

task-specific hemodynamic changes in relevant brain regions. 

[28]. Over the past decade, fNIRS has rapidly emerged as a 

functional neuroimaging tool in neuroscience and rehabilitation 

research [29]. 

Several reviews were published on the utility of fNIRS in 

stroke [30-35], majority of which were narrative reviews [30, 

32-35]. These narrative reviews outlined the fundamental 

knowledge and analytical methods of fNIRS, with limited 

coverage of research studies related to stroke. A systematic 

review published in 2019 [31] examined the research scope of 

fNIRS in stroke rehabilitation, focusing on its applications in 

brain monitoring, as a brain-computer interface (BCI) for 

interventions, and additional applications such as assessing 

stroke risk during surgery and monitoring muscle metabolic 

indices. However, this review did not include a focused 

discussion on the utility of fNIRS for upper limb hemiplegia 

after stroke. Moreover, the review did not include an 

assessment of technical fNIRS specifications that would allow 

us to evaluate aspects such as data quality.  To fill this gap, we 

conducted a systematic review to analyze the scope and 

progress of fNIRS applications in post-stroke rehabilitation, 

with a focus on upper limb motor recovery. As illustrated in 

Figure 1, the aim of this review was to address the following 

research questions: (1) How do cerebral hemodynamic 

responses, measured by continuous-wave (CW) fNIRS, differ 

between the two hemispheres in stroke patients compared to 
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healthy individuals? (2) Can cerebral hemodynamic responses 

measured at baseline, or changes in hemodynamics across 

recovery, as measured by fNIRS, serve as a predictor of future 

motor functional outcomes in stroke patients? (3) Are cerebral 

hemodynamics measured by fNIRS during or after treatment 

correlated with clinical outcomes in poststroke survivors?  

II. METHODS 

This systematic review has been prospectively registered on 

the online platform PROSPERO (ID: CRD42024606647). We 

followed the Preferred Reporting Items for Systematic Reviews 

and Meta-Analyses statements (PRISMA) in the reporting of 

the current review [36]. 

A. Search Strategy 

A comprehensive literature search was conducted in multiple 

databases, including PubMed, MEDLINE, Web of Science, 

EMBASE and IEEE Explore., covering studies from their 

inception through 21 May 2024. The search was based on the 

Title/Abstract using the following combination of keywords: 

(stroke OR cerebrovascular disorder OR cerebrovascular 

disease OR cerebrovascular accident OR cerebral infarction OR 

cerebral hemorrhage OR cerebral hemorrhage) AND (NIRS OR 

near-infrared spectroscopy). Medical Subject Heading Terms 

were applied when searching PubMed. Three groups of two 

authors (YG, RL; MCM, JG; UJS, and LL) independently 

scanned all titles, read the abstracts, and identified relevant 

studies. A manual screening was also conducted to identify 

target articles in the reference lists of previous relevant reviews. 

B. Selection criteria 

Study selection was carried out according to the inclusion 

and exclusion criteria. After study selection, two authors (YG 

and RL) concluded the list of included studies. Any discrepancy 

was resolved by a senior author (JZ).  

Inclusion criteria: 

Population: adult patients with upper limb hemiplegia who 

have had a stroke. 

Measurement outcomes: Changes in concentration of 

oxygenated hemoglobin (Δ[HbO]) and deoxygenated 

hemoglobin (Δ[HbR]) measured by CW-fNIRS. Any outcome 

calculated based on Δ[HbO] and/or Δ[HbR], such as LI, 

functional or effective connectivity (FC/EC) and network 

measures, were also considered. An inclusion criterion was that 

the studies had to use a standardized task related to the upper 

extremities for the fNIRS measurements such as MI, action 

observation, or execution of movements. 

Study type: We included observational studies (both cross-

sectional and longitudinal studies), as well as interventional 

Figure 1: Conceptual framework of the review. (A) Different types of fNIRS metrics in stroke research. (B) The utility of 

fNIRS in stroke research. Figure created with BioRender.com/s91w503 (Agreement Number: QY27LQ6NFJ) and Microsoft 

PowerPoint. Abbreviations: fNIRS: Functional near-infrared spectroscopy. LI: Laterality index; IH: Ipsilesional hemisphere; 

CH: Contralesional hemisphere.   
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studies (including single group studies without a control group, 

non-randomized and randomized controlled studies). 

Intervention: Among the interventional studies that we 

screened, we included all types of nonpharmacological, 

rehabilitative interventions targeting the hemiparetic poststroke 

upper limb, including but not limited to exercise-based 

interventions, peripheral/central neural stimulation modalities, 

and BCI/neurofeedback/biofeedback, etc. 

Exclusion criteria: 

Studies meeting any of the following criteria were excluded: 

1) the study only enrolled participants with other neurological 

diseases excluding stroke; 2) the study was published as 

conference abstracts, dissertations, or in books; 3) among the 

interventional studies, pharmacological or surgical operation 

was applied as the main treatment; 4) fNIRS signal was only 

recorded and analyzed during resting-state, or an irrelevant task 

state (e.g., cognitive or emotional tasks), or 5) the study was not 

published in English language. 

C. Methodological quality assessment 

The Physiotherapy Evidence Database (PEDro) scale [37] 

was used to assess the methodological quality of the 

randomized controlled trials included in this review. Two 

authors (YG and RL) independently evaluated the quality of the 

studies. In cases of discrepancies, a senior author (JZ) discussed 

the evaluations with the two authors to reach a consensus. 

D. Data extraction 

    We categorized the included studies into three groups: (1) 

Cross-sectional studies that compared fNIRS outcomes 

between stroke patients and healthy individuals, or within a 

group of stroke patients. (2) Longitudinal studies have assessed 

the predictive value of fNIRS outcomes for poststroke recovery 

during the first three months, a period in which spontaneous 

biological recovery, rather than rehabilitative training 

protocols, predominantly influences functional improvement. 

These studies should investigate the predictive value of baseline 

fNIRS data in relation to functional recovery poststroke and 

explore the parallel changes between fNIRS data and motor 

function over time. (3) Interventional studies that explored the 

impact of rehabilitative interventions on fNIRS outcomes in 

poststroke patients. Characteristics of each study, including 

demographics and clinical information of participants, 

information related fNIRS task, and main results, were 

extracted. Additionally, we summarized technical information 

related to the fNIRS device (number of fNIRS channels, 

manufacturer), as well as some key aspects related to data 

analysis, the use of short-distance channels (SDC) to remove or 

correct signals stemmings fromextracerebral tissue, head 

motion artefacts correction algorithms, and localization 

methods employed during fNIRS measurement. These 

methodological aspects are key aspects to ensure high data 

quality and can have a substantial impact on reported results 

[38-40].    

III. RESULT 

Searching results 

The online literature search on the five databases identified 

8887 citations. After screening the records according to the 

inclusion and exclusion criteria, 52 articles met the inclusion 

criteria [41-92], with 23 cross-sectional studies [41-63] (Table 

1 in the Appendix), 8 longitudinal studies [64-69, 73, 82] (Table 

2 in the Appendix), and 21 interventional studies [70-72, 74-81, 

83-92] (Table 3 in the Appendix). Figure 2 shows the flowchart 

of study selection. 

Figure 2: Flowchart of study selection. Abbreviations: EDH: 

Epidural hematoma; SDH: Subdural hematoma; SAH: 

Subarachnoid hemorrhage; TIA: Transient ischemic attack; 

fNIRS: Functional near-infrared spectroscopy. 

A. Results of cross-sectional study 

In this category of studies, the primary focus was to compare 
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the differences in cerebral hemodynamics between stroke 

patients and healthy individuals, as well as the variations in 

hemodynamics between the two hemispheres in poststroke 

patients with different severities and types (Table 1). 

The majority of the included studies reported an increase in 

Δ[HbO] across various brain regions, such as sensorimotor 

cortex (SMC), PMC, SMA, and prefrontal cortex (PFC), in 

patients after stroke during upper limb movement (either 

affected or unaffected upper limb movement) [41-63]. Some 

studies have shown that stroke patients typically exhibit an 

increase in Δ[HbO] over the bilateral SMC during paretic 

hand/upper limb movement, while their healthy counterparts 

demonstrate unilaterally dominant increase in Δ[HbO] over the 

contralateral hemisphere [41, 43, 46, 48, 49, 61]. In some of 

these studies, this was characterized by a LI toward the 

contralesional side (ipsilateral to the moving hand), or close to 

zero (indicating bilateral activation) in poststroke patients, 

compared to an LI toward the contralateral side in healthy 

controls [49, 53, 62, 63]. These findings support the assumption 

of contralesional involvement during paretic upper limb 

movement in poststroke patients. Furthermore, the degree of 

Δ[HbO] increase was associated with task intensity; 

specifically, greater force exerted by the affected hand 

corresponded to higher levels in Δ[HbO] of the bilateral SMC  

[44]. Providing sensory feedback during movement execution, 

such as vibration or visual cues, resulted in a greater HBbO 

concentration in the corresponding SMC and SMA of the 

ipsilesional side [45, 46, 50, 52, 56], in comparison to 

movement execution condition without sensory feedback . 

Similarly, providing visual observational feedback during MI 

also led to a greater increase in Δ[HbO] in the corresponding 

SMC and SMA of the ipsilesional side, compared to that 

induced by MI alone [50]. One MI study showed that, compared 

to left hemispheric stroke patients, right hemispheric stroke 

patients show lower Δ[HbO] in the bilateral PFC and SMC 

during imagery [56]. 

Some studies have indicated between-group differences in 

brain connectivity metrics when comparing stroke patients and 

healthy individuals, however, the results seemed not fully 

consistent. Compared to healthy controls, stroke survivors 

exhibited a lower FC value measured by Pearson’s correlation 

between bilateral M1 and PFC [48] In another study, the EC 

value was higher as measured by transfer entropy between M1 

and PFC [47]. A study found that patients with severe stroke 

had more widespread FC in the bilateral PFC and in themotor 

and occipital areas during assistive movement of the affected 

upper limb than patients with moderate stroke [51]. Using 

network measures, post-stroke patients showed a reduced 

clustering coefficient (CC, a measure of functional segregation) 

and global efficiency (GE, a measure of functional integration) 

based on the connectivity among the bilateral SMA, SMC and 

M1 [53, 61], compared to their healthy counterparts. 

Furthermore, it has been shown that the network during 

movement execution can be strengthened if excitatory 

repetitive transcranial magnetic stimulation (rTMS) [57, 58]. 

Some studies reported a correlation between CC and GE (M1 

and PFC areas) and hemiplegic upper limb motor functions in 

poststroke patients [53, 54, 61]. Overall, it should be noticed 

that the sample sizes were rather small in most studies, with 

only six out of 23 cross-sectional observational studies 

including at least 20 patients (max n = 35).  

B. Result of longitudinal study 

Eight longitudinal studies investigated the relationship 

between cerebral hemodynamics and recovery of upper limb 

function in a timespan ranging from one week to 3 months in 

stroke patients [64-69, 73, 82], as summarized in Table 2. In 

these studies, four indicated that patients received conventional 

rehabilitation, such as occupational or physical therapy, during 

the observational period [65, 66, 68, 69]. Two studies specified 

the training protocols as mirror therapy [73] or task-oriented 

training [82], in combination with conventional rehabilitation, 

while the interventions were not specified in the other two 

studies [64, 67]. Two of these studies found a positive 

correlation between changes in the LI and the extent of 

functional recovery after stroke, indicating that increased 

activation in the ipsilesional hemisphere is associated with a 

favorable motor outcome [64, 65]. In contrast, one study found 

that a shift of activation towards the contralesional SMC was 

positively correlated with improvements in functional 

performance measured by the action research arm test in 

poststroke patients with moderate to severe upper limb 

hemiparesis [66]. Another study indicated that the LI of the 

bilateral SMA measured at baseline was associated with upper 

limb prognosis, with an activation towards the contralesional 
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SMA correlating with a favorable recovery outcome [69]. 

Another experiment also indicated that participants who can 

exhibit a PC activation pattern similar to that of healthy 

individuals, with increased activation on the ipsilesional side 

and decreased activation on the contralesional side, are more 

likely to benefit from mirror therapy [73]. In one study, 

improvements in upper limb motor function were also found to 

be related to a decrease in cortical metabolic cost over the 

bilateral SMC (calculated by the area under the curve of 

Δ[HbO]) [67]. Additionally, one study found that activation in 

the ipsilesional SMC during movement execution with the 

affected hand was increased after three weeks compared with 

that measured after one week in moderate and severe stroke; 

however, the correlation between hemodynamic changes and 

clinical outcome was not investigated [68]. Another study has 

also demonstrated similar conclusions, revealing reduced 

activation in the ipsilesional PMC and PFC four weeks after 

patients performed tasks on the affected side and also showed 

improvements in clinical motor test scores for all participants 

[82]. Three of the six studies included at least 20 patients (Table 

2).  

C. Result of interventional study 

A total of 21 interventional studies used fNIRS as the 

outcome measure [70-72, 74-81, 83-92]as summarized in Table 

3. Among the included studies, the types of intervention can be  

categorized into exercise-based [70, 74, 78, 85, 87-89], 

peripheral/central electrical/magnetic stimulation [71, 75, 76, 

81, 84, 90-92], and BCI, neurofeedback or biofeedback [72, 77, 

79, 80, 83, 86] intervention studies. 

Seven studies used the exercise-based intervention, this kind 

of intervention included constraint-induced therapy, mirror 

therapy, robot-assisted therapy, task-oriented training, and 

traditional rehabilitation therapy, which include physiotherapy 

or occupational therapy. Most of the studies have demonstrated 

that these interventions led to increased Δ[HbO] in the 

ipsilesional PMC, M1, SM1 and PFC after intervention [74, 78, 

85, 88, 89]. Additionally, some studies reported a change in LI 

after intervention, specifically a shift of activation towards the 

ipsilesional SMC and PMC after intervention [70, 87-89]. 

Moreover, using connectivity measures, enhancements in FC 

have also been observed after intervention, such as the FC 

between bilateral PFC and M1, as well as between the bilateral 

M1 [87].  

Eight studies applied peripheral/central stimulation, 

including functional electrical stimulation (FES), 

neuromuscular electrical stimulation (NMES), rTMS, 

transcranial direct current stimulation (tDCS), and 

transcutaneous auricular vagus nerve stimulation (taVNS) as 

the intervention [71, 75, 76, 81, 84, 90-92]. Similar to studies 

using exercise-based intervention, changes in LI were observed 

after stimulation, particularly a shift in activation from the 

contralesional hemisphere to the ipsilesional side [71, 75, 76, 

84, 92]. Furthermore, stimulation-based interventions also 

strengthened brain connectivity. For instance, contralaterally 

controlled NMES was shown to enhance FC between 

ipsilesional M1 and contralesional M1 and S1, and between 

ipsilesional PFC and contralesional M1 and S1 [81], while 

tDCS was shown to increase FC between the ipsilesional M1 

and PMC [90]. The change in network properties (node strength 

and CC) of the ipsilesional hemisphere were found to be 

correlated with the improvement of upper extremity function in 

a rTMS study [84]. 

Six studies used BCI, neurofeedback, or biofeedback as the 

intervention [72, 77, 79, 80, 83, 86]. The results demonstrated 

an improvement of the upper limb function and an increase in 

the cortical activation in the bilateral M1 and PFC as well as the 

ipsilesional PMC [72, 79, 80, 83, 86]. Biofeedback training has 

also shown to have the potential to rebalance the brain, which 

was characterized by a shift in LI towards the affected SMC and 

approaching zero, i.e., a more balanced activation pattern after 

intervention [77]. Overall, only six out of 21 interventional 

studies included a sample size of at least 20 patients (Table 3).  

D. Result of technical aspects of the included fNIRS studies. 

Table 4 in the Appendix presents an overview of the 

technical aspects of all fNIRS studies included in this review. 

Digital methods of optode localization, the use of SDCs to 

regress out cutaneous blood signals, and motion artifact 

correction are key elements to ensure data quality in fNIRS 

analysis pipelines. While their use is considered best practice 

[93], a consensus with regards to optimal parameter settings and 

approaches remains to be established. Most studies (36 out of 

52) followed the standardized EEG 10-20 cap placement alone 

for probe placement without using digitizer or individual MRI. 

A 3D digitizer was used for digitizing optode positions in 11 

studies, while individual MRI was utilized in only 2 studies. 
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Only one study employed SDCs during data collection. Motion 

artifact correction was applied in 25 out of the 52 papers. 

E. Result of methodological quality assessment of the 

include RCTs 

Table 5 in the appendix presents the results of the 

methodological quality assessment based on the PEDro scale 

[37], which was performed for the ten randomized controlled 

trials (RCTs) included in this review. The mean quality score 

was 7.4 out of 10, with individual scores ranging from 7 to 10, 

indicating high reporting quality and methodological rigor of 

the included RCTs. 

V. DISCUSSION 

The current review investigates the use of fNIRS for 

monitoring brain function, predicting outcomes, and evaluating 

responses to rehabilitative interventions in poststroke patients 

with upper limb hemiplegia. The main findings can be 

summarized as follows: (1) In line with previous fMRI findings, 

fNIRS studies confirmed that poststroke patients exhibit a 

bilateral activation pattern during the execution of movement 

with the paretic hand [41, 43, 46, 48, 49, 53, 61-63]. The 

addition of sensory feedback during movement execution 

increases activation in the ipsilesional corticomotor region 

(primary and secondary motor areas) [45, 46, 50, 52, 56],. 

Impaired network and connectivity patterns in the corticomotor 

areas were also observed in these patients using fNIRS. [47, 48, 

51, 53, 54, 61]. (2) Hemispheric laterality in different 

corticomotor regions, such as M1 or SMA, has been found to 

be paralleled with or predictive of motor recovery after stroke 

[64-67]. (3) Various rehabilitation interventions, including 

exercise, stimulation, and BCI/neurofeedback/biofeedback, 

have shown the potential to improve rehabilitation outcomes by 

modulating cortical activation in the ipsilesional SMC and 

secondary motor regions [70-80, 82-89, 92]. The intervention 

was able to recruit different brain regions, such as PFC or 

secondary motor areas, to support the functioning of the 

ipsilesional SMC, by strengthening their connectivity [81, 84, 

87, 90]. 

A classic pathological change observed in poststroke brains is 

the overactivation of bilateral corticomotor regions when 

patients move the paretic upper limb. This phenomenon has 

been consistently documented in fMRI studies involving 

ischemic subcortical stroke patients [94, 95]. A shift in 

activation toward the ipsilesional hemisphere is associated with 

the recovery of upper limb function [95]. We also observed 

these classic bilateral activation patterns in several fNIRS 

studies included in the present systematic review. Furthermore, 

the LI measured by fNIRS correlated with motor recovery and 

was influenced by rehabilitation interventions [64-67]. This 

consistency between fNIRS and fMRI findings indicates that 

fNIRS may be a viable alternative to fMRI for mechanistic 

studies of brain function in stroke rehabilitation, particularly in 

the context of the cortical recovery model. 

It is noteworthy that all included studies used Δ[HbO] as the 

primary outcome indicator in their analyses, even though 

Δ[HbR] was typically measured simultaneously. It has been 

documented that changes in Δ[HbR are associated with the 

blood-oxygen-level-dependent signal, detected in fMRI [96]. 

Also, the reporting of both Δ[HbO] and Δ[HbR] has been 

recommended [25, 97] to better understand the underlying 

neurovascular coupling process. Noteworthy, only one study 

used SDCs. SDCs are created with a source-detector distance 

of less than 1 cm (ideally 8 mm for adults) [98, 99]. These 

shorter distances limit the penetration depth of the source signal 

and primarily capture extracerebral contributions, such as 

signals from the scalp and skull. Therefore, SDCs provide a 

way to measure and correct for these extracerebral signals, 

improving the accuracy of cerebral hemodynamic 

measurements in fNIRS studies [98]. SDCs hence capture local 

estimates of physiological noise that can be regressed out from 

the fNIRS signal time series to avoid contaminations and yield 

more precise and accurate measurements [100]. Among the 

studies that did not utilize SDCs, we found that no alternative 

algorithmic approaches—such as common averages, principal 

component analysis, or global component removal [101]—was 

used to exclude the impact of cutaneous blood flow on the 

neural signal captured by fNIRS. Furthermore, although motion 

artifacts are a significant source of noise in fNIRS, several 

studies have not implemented any motion artifact correction 

algorithms in their data analysis pipelines. Future research 

should follow reporting checklists [93, 102, 103], including 

protocol preregistration to ensure more transparent and 

comprehensive study planning and reporting [40, 104, 105], and 

employ preprocessing techniques and hardware developments 

that allow to enhance the utility of fNIRS in stroke research 

[101, 106]. Current work of the fNIRS research community also 

provides easy access to a glossary of relevant concepts and 

developments in the fNIRS field [107]. Moreover, larger 

sample sizes are needed to yield more robust effect size 

estimates and a higher chance for conclusive findings [108].  
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As stroke is a heterogeneous disease, the type, severity, and 

chronicity of stroke may influence the cerebral hemodynamic 

response. However, most of the included studies enrolled a 

mixed sample of stroke patients, likely due to the challenges in 

recruiting a very specific poststroke cohort. The impact of 

clinical profiles regarding stroke on fNIRS outcomes has not 

been thoroughly investigated, although a few studies have 

compared the effects of stroke side and severity on fNIRS 

results [51, 53, 56, 91]. Investigating these confounding effects 

could be a valuable area for future research. 

Limitations: This review is qualitative in nature and no meta-

analysis was conducted due to the heterogeneity among studies 

regarding design, outcome measures, and other factors. To 

allow for more specific conclusions regarding the reported 

neural correlates, the scope of this review was focused on 

fNIRS applications related to upper limb motor tasks. 

Consequently, the use of fNIRS in other areas, such as lower 

limb rehabilitation, cognition, and emotion in stroke recovery, 

was not considered. Additionally, we acknowledged the 

potential confounding effects due to the heterogeneity of stroke 

types on the results concerning varying cortical activation and 

intercortical connectivity, as the majority of the included 

studies enrolled a mixed group of stroke patients. Lastly, this 

review may include potential publication bias, exclusion of 

non-English language studies, and differences in the quality and 

methodology of the reviewed studies, which could affect the 

generalizability of the results. 

IV. CONCLUSION 

There is growing evidence supporting the use of fNIRS for 

monitoring brain function, predicting outcomes, and evaluating 

responses to interventions in patients after a stroke. Future 

fNIRS research can be improved by following best practice 

checklists, utilizing the latest experimental setup and analysis 

protocols, and recruiting large sample sizes. 

VI. APPENDIX 

Table 1. Characteristics of the included cross-sectional studies 

Table 2. Characteristics of the included longitudinal studies 

Table 3. Characteristics of the included interventional studies 

Table 4. Technical aspects of included studies 

Table 5. Methodological quality assessment of included 

randomized controlled trials 
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