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ABBREVIATIONS 

PLP phantom limb pain 
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1 INTRODUCTION 

Amputation is a common surgical procedure. Some patients often experience a vivid 

sensation that the amputated limb remains intact, a phenomenon known as the 

phantom limb (Weiss, 1956). The earliest documented description of phantom limb 

dates back to the 16th century, as described by Ambroise Paré (Lafuente, 2002). Many 

individuals after amputation also report painful sensations such as tingling, burning, or 

cramping in the phantom limb, known as phantom limb pain (PLP) (Flor, 2002a). 

Current evidence suggests that the pathophysiology of PLP is associated with 

amputation-induced changes in both the peripheral and central nervous systems 

(Kuner & Flor, 2017; Subedi & Grossberg, 2011a); however, the precise mechanisms 

remain only partially understood. Additionally, pre-amputation pain, as well as 

preoperative depression and anxiety, have been identified as potential predictors of 

the incidence and severity of PLP, residual limb pain (RLP), and phantom limb 

sensations following amputation (Larbig et al., 2019). Most existing research on PLP 

relies on longitudinal studies and questionnaire-based investigations. In contrast, pre-

amputation neuroimaging studies are extremely limited, making it unclear whether 

cortical activity prior to amputation can predict the development of PLP. Functional 

near-infrared spectroscopy (fNIRS) is a neuroimaging technique that allows real-time 

assessment of hemodynamic and metabolic changes associated with brain activity by 

measuring fluctuations in oxygenated hemoglobin (HbO2) and deoxygenated 

hemoglobin (HbR) concentrations (Ferrari & Quaresima, 2012). This technique has 

been widely used to investigate cortical activity in various neurological and mental 

disorders, including Alzheimer's disease, bipolar disorder, and depression (Ehlis et al., 

2014; Husain et al., 2021; R. Li et al., 2018; P.-Y. Lin et al., 2013; Vural Keleş & 

Yıldırım, 2023). In research on amputees, functional magnetic resonance imaging 

(fMRI) has been the preferred imaging modality due to its superior spatial resolution 

and ability to record the activity of deeper brain structures (Afrasiabi & Noroozian, 

2015; Boccia et al., 2020; Lotze et al., 2001). However, fMRI is not always suitable for 

amputees, as some may have metal implants or claustrophobia or the procedure may 

be too demanding in the case of multimorbidity. By contrast, fNIRS has some 

advantages that compensate for these parts, including portability and minimal usage 

restrictions for participants (Chaudhary et al., 2014). In the field of pain research, 

numerous studies have demonstrated that fNIRS can effectively record the changes in 
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cortical oxygenation levels in response to external pain stimuli in both healthy 

individuals and patients with pain-related conditions (Hu et al., 2021; Karunakaran et 

al., 2021). The present thesis aims at examining cortical responses to painful and non-

painful stimulation at different lower limb sites in both healthy individuals and pre-

amputation patients. In the following section, basic aspects covering clinical and 

methodological approaches to pain are presented: (1) an overview of pain before and 

after lower limb amputation; (2) the introduction on fNIRS methodology and (3) a 

review of current pain research on the application of fNIRS. 

1.1 Pre- and post- amputation pain 

Amputation, which involves the complete or partial removal of a limb, is one of the most 

common and traditional surgical procedures used to treat severe limb ischemia, control 

pain, and life-savings (Weigel, 2020). Lower limb amputation is typically performed to 

remove devitalized tissue and prevent further disease progression. Common causes 

of lower limb amputation include diabetes mellitus (DM), peripheral arterial disease 

(PAD), peripheral neuropathy, bone and joint infections, trauma, and malignant tumors 

(Kröger et al., 2017; Marshall & Stansby, 2008). Although the overall number of major 

amputations has decreased (Behrendt et al., 2018), the incidence of diabetes-related 

complications continues to rise globally. By 2030, the global prevalence of type 2 

diabetes is expected to reach 7,079 per 100,000 population, with all regions around 

the world projected to experience a continued increase (Khan et al., 2020). As a result, 

diabetic foot disease remains the leading cause of non-traumatic lower limb 

amputations (J. H. Lee et al., 2020). Additionally, with the aging population, cases of 

PAD have been steadily increasing (Fowkes et al., 2013), resulting in a sustained or 

even rising amputation rate among high-risk subgroups, particularly those with DM and 

PAD (Walter et al., 2022).  

Amputation imposes a significant physiological, economic, and psychological burden 

on patients. Physiologically, amputation leads to the loss of limb function, requiring 

patients to adapt to a new lifestyle and often rely on prosthetics or other assistive 

devices, which complicates daily activities and may lead to other health issues 

(Canbolat Seyman & Uzar Ozcetin, 2021; Furtado et al., 2015). Economically, patients 

face substantial treatment costs, rehabilitation expenses, and the purchase of 

prostheses, while potentially losing their ability to work, which further exacerbates 
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financial stress (Dillingham et al., 2005). Psychologically, the loss of a limb and mobility 

issues can trigger emotional problems such as depression, anxiety, and low self-

esteem, negatively affecting patients' quality of life and social adaptation (Horgan & 

MacLachlan, 2004; Pomares et al., 2020). In addition, pain is a significant issue faced 

by patients. Many patients experience persistent pain before amputation due to severe 

disease or injury (Jensen et al., 1985a). Similar to pre-amputation pain, post-

amputation pain also has high prevalence after limb amputation. Post-amputation pain 

mainly manifests in two forms: phantom limb pain and residual limb pain (Hsu & Cohen, 

2013). Pain can severely affect patients' quality of life, often accompanied by emotional 

distress, sleep disturbances, and other issues, further exacerbating their suffering 

(Demet et al., 2003; Serda et al., 2015; Trevelyan et al., 2016).  

1.1.1 Pre-amputation pain 

Pre-amputation pain is typically defined as persistent or intermittent pain resulting from 

an underlying pathology or injury that occurs prior to amputation (Devjit Srivastava, 

2017). A study of 57 amputees showed that 98% of them reported experiencing pre-

amputation pain (Jensen et al., 1985b). Pain prior to amputation affects the involved 

limb and is present for a significant period before the surgical intervention. In many 

cases, it serves as an indication for amputation (Marshall & Stansby, 2008).  

Pre-amputation pain can arise from various underlying causes, including ischemia, 

nerve damage, infection, trauma, or tumors. The causes of pain prior to lower limb 

amputation are mainly related to primary diseases, such as PAD, neuropathic pain 

caused by diabetes, malignant tumors, etc. The primary mechanism underlying pain in 

PAD is limb ischemia (Ouriel, 2001a; Rüger et al., 2008a). Arterial stenosis is the main 

pathological cause of PAD, which leads to reduced blood supply to the distal limbs, 

causing tissue hypoxia and accumulation of metabolic byproducts, thereby causing 

pain (Berliner et al., 1995; Muir, 2009). The pain is often as associated to an 

intermittent claudication, caused by lack of oxygen to the muscles when walking, and 

relieved by rest when blood flow is partially restored (Meru et al., 2006). As the disease 

progresses, ischemic rest pain may occur, in which the nerves continue to be deprived 

of oxygen even in the absence of physical activity, causing severe burning pain or dull 

pain. If the ischemia is not resolved, tissue necrosis and ulceration may exacerbate 

the pain and eventually require amputation (Davies, 2012; Rüger et al., 2008b). Painful 
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diabetic peripheral neuropathy (PDPN) is also a common pre-amputation pain in the 

lower limbs, which is mainly related to the duration of diabetes (Sloan et al., 2018). 

Long-term high blood glucose level can lead to nerve fiber degeneration, 

demyelination, and axonal damage, resulting in burning, paresthesia, or electric shock-

like pain (Boulton et al., 2004; Callaghan et al., 2012). Around one third of diabetic 

patients report such symptoms (Abbott et al., 2011).  

Overall, it can be seen that pain before lower limb amputation is closely related to these 

diseases. Different diseases and pathogenetic mechanisms also directly affect the 

manifestation and duration of pain before lower limb amputation. It is worth noting that 

current research suggests a correlation between pre-amputation pain and the 

development of PLP (D. Srivastava, 2017; Yin et al., 2017). Therefore, for patients 

undergoing amputation, effective pain management - such as analgesic medications, 

nerve blocks, and physical therapy - not only enhances quality of life but may also help 

reduce the risk of postoperative PLP (Limakatso et al., 2024).  

1.1.2 Phantom limb pain 

PLP refers to pain localized in the missing limb following amputation. It is typically 

described as painful shooting, squeezing, cutting, burning or cramping and is classified 

as neuropathic pain (Kaur & Guan, 2018; Nikolajsen & Christensen, 2015; Weeks et 

al., 2010). The reported incidence of PLP varies, generally ranging from 45% to 85% 

in patients undergoing major upper and lower limb amputations (Kuffler, 2018). An 

early study indicated that the incidence of PLP was 72%, 65% and 59% at eight days, 

six months and two months after the amputation, respectively (Jensen et al., 1985c). 

In a systematic review study, the point prevalence of PLP was 6.7% - 88.1%, the 

prevalence measured in a period lasting from 1 to 3 months ranged from 49% to 93.5%, 

and the lifetime prevalence was as high as 76% - 87% (Stankevicius et al., 2021). 

These variations may stem from differences in study populations, amputation sites, 

assessment methods, and the time points for assessing PLP (Schone et al., 2022a). 

For example, the prevalence of PLP is significantly higher in developed countries 

compared to developing countries (Limakatso et al., 2020). Another study showed that 

patients with upper limb amputation have a significantly higher rate of PLP than 

patients with lower limb amputation, but it is not related to the amputation side (Shukla 
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et al., 1982). Based on these studies, although the prevalence of PLP is currently 

inconsistent, a majority of patients after amputation will experience PLP.  

The pathogenesis of PLP is complex and is attributed to multiple mechanisms involving 

abnormal changes in both the central and peripheral nervous systems, as well as 

psychological factors: 

(1) Central mechanisms 

Cortical reorganization is one of the most widely discussed central mechanisms of 

PLP. Numerous studies have demonstrated that PLP is closely associated with plastic 

changes in the cerebral cortex (Andoh et al., 2020; Chern et al., 1998; Flor et al., 1995, 

1998). In healthy individuals, different regions of the primary somatosensory cortex 

(S1) correspond to sensory inputs from distinct body parts, forming a somatotopic map 

(Penfield, 1937). Under normal conditions, the topographical organization of the S1 

and motor cortex (M1) remains stable. However, following amputation, the cortical area 

that previously represented the missing limb undergoes functional changes due to the 

loss of peripheral input (R. Chen et al., 2002; Sparling et al., 2024a). Specifically, this 

area may become responsive to sensory input from adjacent body regions. For 

instance, in upper-limb amputees, the cortical representation of the hand in S1 may be 

taken over by input from the face or shoulder (Bramati et al., 2019; MacIver et al., 

2008). This cortical remodeling has been found to correlate positively with the severity 

of PLP, with more pronounced reorganization associated with greater pain intensity 

(Flor et al., 1995). This phenomenon is often interpreted as evidence of cortical 

reorganization. However, some researchers have challenged this hypothesis. Makin 

and Krakauer (2023) argue that the observed cortical changes do not constitute 

"reorganization" in the traditional sense but rather reflect the potentiation of pre-

existing neural circuits. According to this perspective, functional changes following 

amputation do not result from a new area assuming a different function but instead 

arise from the strengthening or readjustment of existing neural pathways (Makin et al., 

2013). This adaptive process is constrained by the brain's inherent structural blueprint 

rather than representing unrestricted plasticity. Despite these differing interpretations, 

both perspectives acknowledge that the cortex undergoes adaptive modifications 

following amputation, and neural plasticity plays an important role in the development 

of PLP. Beyond cortical mechanisms, subcortical structures, including the thalamus, 
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brainstem, and corpus callosum, have also been implicated in PLP (Collins et al., 2018; 

Flor et al., 2006; Katayama et al., 2002). For example, one study reported a case in 

which phantom limb pain after amputation disappeared following a stroke localized to 

the posterior internal capsule, suggesting that this region may serve as a potential 

source of PLP (Yarnitsky et al., 1988). Another study using diffusion tensor imaging 

showed that PLP caused a symmetrical increase in axial diffusivity of white matter in 

the left and right hemispheres of the brain. Meanwhile, there was an association 

between white matter radial diffusivity and visual analogue scale scores of PLP and it 

was mainly reflected in the hemisphere associated with the former representation of 

the missing hand and the corpus callosum (Seo et al., 2019). Additionally, some 

studies highlight pain memory as a key contributor to PLP. Prolonged and intense 

somatosensory input can induce lasting changes in central nervous structures, which, 

when combined with cognitive evaluation and memory of pre-amputation pain, can 

evoke past pain experiences associated with the phantom limb (Flor, 2008; Hill et al., 

1996; Katz & Melzack, 1990). Overall, the central nervous system mechanisms of PLP 

have not yet been fully clarified; further research is needed to explore their specific role 

in the occurrence of PLP.  

(2) Peripheral mechanisms 

Peripheral mechanisms of PLP are primarily associated with abnormal nerve activity 

in the residual limb following amputation and the adaptive changes resulting from 

peripheral nerve injury (Vaso et al., 2014). After amputation, damaged peripheral 

nerves may undergo regeneration and remodeling; however, during this process, 

neuronal excitability can become pathologically heightened, leading to spontaneous 

high-frequency discharges (Flor, 2002a; Navarro et al., 2007). Therefore, the formation 

of neuromas is considered a key peripheral mechanism underlying PLP (Livingston, 

1945). Neuromas are localized, non-neoplastic growths of damaged nerves that 

typically develop when normal nerve conduction is disrupted due to injury, chronic 

inflammatory irritation of the nerve fibers, or inadequate surgical repair (Ginanneschi 

et al., 2023). In the neuroma, enhanced expression of sodium channels, manifested 

by higher spontaneous firing rates and heightened sensitivity to mechanical or 

chemical stimulation, may be the source of PLP (Dickinson et al., 2010; Subedi & 

Grossberg, 2011b). One study also highlighted that changes in severed nerve endings 

may still be key to causing pain after amputation, with a positive Tinel sign being 
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significantly more frequent in amputees who experienced pain (Buch et al., 2020). The 

severity of pain associated with neuroma formation is influenced by various factors, 

including the type of nerve involved, the location of the injury, local inflammatory 

responses, blood supply, and alterations in nerve electrical activity (Stokvis, 2010; Ellis 

and Bennett, 2013; Matsuda, Huh and Ji, 2019). Notably, some studies have reported 

that PLP can manifest immediately after amputation, even before neuromas have 

formed (Aboud et al., 2018; Journal et al., 2013). This finding suggests that, beyond 

neuroma formation, other peripheral factors may contribute to the development and 

persistence of PLP. The factors may include impaired axonal regeneration, increased 

dorsal root ganglion excitability, and autonomic nervous system dysfunction (e.g., 

abnormal sympathetic nerve activity), which may further exacerbate neuropathic pain 

(Pham et al., 2018; Wulf & Tom, 2023). For example, a study has shown that after 

complete nerve transection, dorsal root ganglion cells become more active and 

increasingly sensitive to chemical and mechanical changes (Kajander et al., 1992). 

(3) Psychological factors 

Beyond the analysis of central and peripheral mechanisms underlying PLP, 

psychological factors have also been  implicated in the occurrence and severity of PLP 

(Fuchs, Flor & Bekrater-Bodmann, 2018). For instance, a study of 69 lower limb 

amputees showed that anxiety was associated with the development of PLP and that 

anxiety may be a risk factor for acute phantom limb pain and residual limb pain after 

amputation (K. A. Raichle et al., 2015). Additionally, studies indicated that situational 

stress may be significantly associated with PLP, potentially due to increased 

sympathetic nervous system activity and heightened muscle tension under stress 

(Arena et al., 1990; Fuchs et al., 2018b). Additional factors also influence the 

occurrence of PLP (Flor, 2002b). One such factor is pre-amputation pain, which has 

been identified as a significant risk factor for the development of PLP. Both pre-

amputation pain and acute postoperative pain may contribute to the persistence of 

chronic PLP (Hanley et al., 2007). Moreover, although existing research highlights the 

close relationship between these factors and PLP, the precise nature of their 

interactions remains unclear. Further studies are needed to elucidate the complex 

interplay between physiological and psychological influences on PLP development and 

maintenance. 
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Clarifying the mechanisms underlying PLP may contribute to more effective treatment 

strategies. Currently, the treatment of PLP remains challenging, with limited efficacy. 

Existing therapeutic approaches can be broadly categorized into pharmacological, 

physical, and psychological interventions. Among physical therapies, transcutaneous 

electrical nerve stimulation (TENS) and repetitive transcranial magnetic stimulation 

(rTMS) are widely used. In a study using low-frequency, high-intensity TENS at 

auricular acupoints, it was found that TENS can effectively relieve PLP, and the pain 

relief is not affected by emotional factors (Katz & Melzack, 1991). Additionally, a 

systematic review concluded that rTMS has significant therapeutic effects on PLP, 

potentially through the promotion of beta-endorphin release, which exerts analgesic 

effects (Nardone et al., 2019a). Among psychological interventions, mirror therapy is 

one of the most commonly applied techniques. Studies have demonstrated that mirror 

training significantly reduces pain in amputees by utilizing visual feedback through 

mirrors, this approach creates the illusion of the missing limb, which can help alleviate 

PLP (Xie et al., 2022; Yildirim & Kanan, 2016). Recently, with advancements in 

technology, virtual reality has been explored as a novel approach for PLP treatment. 

By simulating sensory experiences and creating immersive virtual environments, 

virtual reality therapy allows patients to visualize and interact with a virtual limb, 

facilitating relaxation and pain relief. Despite the availability of various treatment 

modalities, the evidence base for some interventions remains insufficient, and their 

efficacy requires further validation (Dunn et al., 2017; Osumi et al., 2019). PLP 

continues to pose significant challenges in clinical management, highlighting the need 

for further research and improved therapeutic strategies. 

1.1.3 Residual limb pain 

In addition to PLP, RLP is another common type of post-amputation pain frequently 

encountered in clinical practice. RLP refers to pain localized in the residual limb 

proximal to the amputation, affecting approximately 60% of amputees (List et al., 2021). 

A meta-analysis of 1,347 patients showed that the prevalence of RLP at 1 week, 1 

month, 3 months, 6 months, 1 year, and 2 years was 50%, 11%, 23%, 27%, 22%, and 

24%, respectively. The severity of residual limb pain varies according to the cause of 

amputation, with patients with cancer amputation reporting the most severe pain 

(Evans et al., 2021). The underlying causes of RLP are multifactorial, including nerve 

injury, neuroma formation, poor blood circulation, and improper prosthetic fitting (List 
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et al., 2021; Sparling et al., 2024b). During amputation, nerves may be severed or 

damaged, leading to neuropathic pain, which often emerges within the first week 

postoperatively. This pain is typically described as throbbing or burning and may either 

resolve spontaneously or persist for an extended period (Clarke et al., 2013). 

Additionally, ill-fitting prostheses are a common contributor to RLP, as they may exert 

excessive pressure on the residual limb, exacerbating pain and discomfort (Pascale & 

Potter, 2014). Moreover, most studies reported that PLP and RLP are positively 

correlated, and patients with PLP have a higher risk of RLP (Ahmed et al., 2017; 

Schone et al., 2022b). Although the precise mechanisms underlying this association 

remain unclear, one possible explanation is that peripheral nerve damage and 

persistent noxious input from injured nerves contribute to both pain conditions. Further 

research is needed to elucidate the complex interplay between PLP and RLP and to 

develop more effective treatment strategies. 

1.2 Functional near-infrared spectroscopy 

1.2.1 Principles of fNIRS imaging 

In 1977, Jöbsis(1977) first demonstrated that near-infrared light could be utilized to 

detect human brain activity, successfully capturing changes in cerebral cortical blood 

oxygenation during deep breathing. FNIRS uses the strong scattering properties of red 

blood cells in the 650 - 1000 nm near-infrared spectrum to measure changes in HbO2 

and HbR associated with brain activity (Chaudhary et al., 2011; Ferrari & Quaresima, 

2012). The imaging principle of fNIRS is mainly related to the neurovascular coupling 

mechanism and the light absorption and scattering: 

(1) Neurovascular coupling mechanism 

From a physiological perspective, neuronal activity requires energy to maintain and 

restore the membrane potential, which represents the potential difference between the 

intracellular and extracellular environments of neurons (McCormick, 2014). This 

energy is almost entirely supplied by aerobic glucose metabolism. In the absence of 

external stimulation, HbO2 releases oxygen changing to HbR with a specific ratio, and 

the released oxygen is absorbed by cells to support basic metabolic processes. 

However, when external stimulation occurs, the metabolic activity of the brain regions 

associated with processing of these stimuli increases, providing the necessary energy 
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for neuronal activity. As a result, metabolic activity initially leads to a decrease in HbO2 

and an increase in HbR in the local blood supply. However, to compensate for the 

oxygen consumption associated with neural activity, the brain engages in a series of 

regulatory mechanisms, such as local vasodilation, increased cerebral blood flow, and 

elevated cerebral blood volume, delivering oxygen-rich blood to the concerned region. 

The oxygen supply provided by increased cerebral blood flow far exceeds the actual 

consumption by neurons. Consequently, after these regulatory processes, the final 

observable change is an increase in HbO2 and a decrease in HbR. This secondary 

hemodynamic response to neural activity is known as the neurovascular coupling 

process (Phillips et al., 2015). The resulting changes in blood oxygenation typically 

peak within several seconds and then return to baseline (Hoshi, 2016). In summary, 

neurovascular coupling translates rapidly occurring neuronal electrical activity into 

slower hemodynamic changes. fNIRS detects these hemodynamic responses using 

near-infrared light, indirectly reflecting neuronal activity and its dynamic patterns in 

localized brain regions. Therefore, similar to fMRI, fNIRS does not measure neuronal 

activity directly but rather the metabolic changes associated with it (Willems & Cristia, 

2017). This is why the recording of this activity is often called neuro-metabolic signal 

or time-course. 

(2) Light absorption and scattering 

In addition to the neurovascular coupling mechanism of the brain, fNIRS imaging is 

also based on the principles of light absorption and scattering. When light passes 

through biological tissue, it is attenuated due to absorption by the tissue. According to 

the well-known Beer-Lambert law, the degree of light absorption by a substance is 

proportional to both the path length of light transmission and the concentration of the 

absorbing substance (Swinehart, 1962). The near-infrared light used in fNIRS falls 

within the wavelength range of approximately 650 - 1000 nm (Pinti et al., 2018). Light 

in this range can penetrate tissues such as the scalp and skull to reach the brain, while 

the overall absorption coefficient of the absorbing compounds remains low, ensuring 

that the light is not completely absorbed before reaching the detector (Huppert et al., 

2009a). Additionally, the absorption coefficients of HbO2 and HbR differ significantly 

within this range, allowing for the estimation of their concentration changes based on 

absorption differences at different wavelengths (Giacometti & Diamond, 2013). In 

addition to light absorption, scattering is another fundamental physical principle 



 

 
12 

underlying fNIRS imaging. Since brain tissue is a highly scattering medium, near-

infrared light penetrating the brain from the scalp surface undergoes scattering. While 

most photons are absorbed by the brain tissue, a small portion travels back to the scalp 

surface near the light source. By placing a detector close to the light source, these 

photons can be captured, enabling the detection of neural activity in the cortical region. 

Considering both the absorption and scattering properties of light, researchers have 

introduced a correction for optical path length to the original Beer-Lambert law, leading 

to the development and adoption of the modified Beer-Lambert law, which serves as 

the foundation for fNIRS data analysis and can be written as follows: 

 𝑂𝐷 = 𝜀 ∙ 𝐶 ∙ 𝐷𝑃𝐹 ∙ 𝐿 + 𝐺 (1) 

where OD represents the optical density, 𝜀 and C are the extinction coefficient and the 

concentration of absorptive substance. The length of the optical path is the physical 

distance 𝐿  between a source and a detector corrected by a correction factor, i.e. 

differential pathlength factor (DPF), accounting for the scattering effect. In addition, a 

parameter 𝐺 is introduced to represent the sum of light attenuation due to other effects 

(Kocsis et al., 2006).  

1.2.2 Advantages and limitations of fNIRS 

Building on the previously discussed principles of fNIRS technology, its rapid 

development in recent years is largely attributed to its distinct advantages. As a non-

invasive brain imaging technique, the most significant benefit of fNIRS is its ability to 

expand the range of experimental subjects and paradigms in brain imaging research. 

For example, compared to fMRI, fNIRS imposes fewer restrictions on participants and 

can be applied to individuals with metal implants or those unable to undergo fMRI 

scans due to conditions such as claustrophobia (Cui et al., 2011a; Pereira et al., 2023). 

Additionally, fNIRS is less sensitive to head and limb movements, making it particularly 

suitable for populations with increased motion, such as infants, children, and 

individuals with attention-deficit/hyperactivity disorder, who may have difficulty 

tolerating equipment-related discomfort (Monden et al., 2012, 2015; T. Wilcox & Biondi, 

2015a). Due to its portability and tolerance for head movement, fNIRS also enables 

the study of motor functions in real-world settings, such as outdoor running and cycling 

(Huang et al., 2019; P. Lin et al., 2013; B. Liu et al., 2023). This capability enhances 
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the ecological validity of research by allowing experimental designs that more closely 

reflect everyday life. Furthermore, the portability of fNIRS offers practical advantages 

in clinical applications (Chaudhary et al., 2014). For instance, many patients awaiting 

amputation experience mobility impairments, and fNIRS can be transported to their 

location for measurements. Compared to fMRI, fNIRS systems are also more cost-

effective, reducing the financial burden of experiments. Another advantage of fNIRS is 

its compatibility with other neuroimaging techniques. Compared to fMRI, fNIRS 

provides superior temporal resolution, and compared to electroencephalography 

(EEG), it offers better spatial resolution (Eggebrecht et al., 2014). This allows fNIRS to 

be used in conjunction with fMRI and EEG for multimodal neuroimaging studies, 

leveraging the strengths of each method (Z. Liu et al., 2021; Steinbrink et al., 2006). 

Additionally, existing research has demonstrated that fNIRS can be combined with 

transcranial magnetic stimulation (TMS) for investigating and developing interventions 

for certain neurological disorders (Curtin et al., 2019; Kozel et al., 2009).  

Despite its advantages, fNIRS is associated with several technical and methodological 

constraints. First, due to the absorption and scattering properties of light in biological 

tissues, fNIRS is limited in its ability to measure deep brain structures and is generally 

restricted to the cortical structures, with an effective penetration depth of approximately 

1.5 to 2 cm (Pinti et al., 2020). Second, fNIRS lacks precise anatomical localization 

capabilities. However, previous studies have demonstrated a reasonable 

correspondence between the internationally standardized 10 - 10 EEG electrode 

placement system and cortical anatomy, allowing many fNIRS studies to infer the 

underlying brain regions based on 10 - 10 EEG electrode placement system (Homan 

et al., 1987; Jeon et al., 2018; T. Wilcox & Biondi, 2015b). Furthermore, accurate 

quantification of localized changes in cerebral hemoglobin concentration still remains 

a technical challenge for fNIRS. This is primarily due to uncertainties in optical path 

length estimation, differences in the optical properties of various tissue layers, and 

interference from extra cerebral hemodynamics (Hoshi, 2005). For instance, individual 

physiological factors such as skull thickness and hair color can significantly affect light 

penetration and scattering characteristics (Holmes et al., 2024). Compared to fMRI, 

fNIRS generally exhibits a lower signal-to-noise ratio and is more susceptible to noise 

introduced by scalp blood flow fluctuations and ambient light interference (Cui et al., 

2011b). 
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In summary, although fNIRS offers advantages such as non-invasiveness and 

portability, its spatial resolution, quantification accuracy, and noise resistance remain 

areas that require further technological improvement and refinement. 

1.3 Exploring pain through fNIRS studies1 

The occurrence of pain is a complex and multifaceted psychophysiological process 

involving multiple psychobiological components. Acute pain can be induced by various 

stimuli and neuroimaging can aid in unraveling the central nervous system factors 

related to pain perception (Espinoza & Habas, 2018). Prior neuroimaging studies have 

demonstrated that painful stimuli elicit responses across a wide array of cortical and 

subcortical networks (Apkarian et al., 2005). For instance, Freund et al. (2009) 

observed that when healthy participants were exposed to painful thermal stimulation 

to the left or right side of the hand, fMRI consistently showed activation in the right 

anterior insula, the ipsilateral sensorimotor cortex, and the bilateral posterior insula. In 

another fMRI investigation, the bilateral secondary somatosensory cortex exhibited 

notable activation when both painful and non-painful electrical stimulation were 

administered to healthy participants (T. L. Chen et al., 2008). Furthermore, other 

published brain imaging studies have also provided evidence that structures such as 

the prefrontal cortex (PFC), dorsolateral PFC (DLPFC), and cingulate cortex are linked 

to the modulation and perception of pain (Bornhövd et al., 2002; Sandström et al., 

2019; Tsuji et al., 2021). Based on the current scientific literature, the brain regions 

implicated in pain processing encompass the primary (S1) and secondary (S2) 

somatosensory cortex, the primary motor cortex (M1), DLPFC, the cingulate area, the 

insula, as well as subcortical structures such as the thalamus and hypothalamus (Ng 

et al., 2018). Typically, the cingulate cortex, insula, and limbic system areas are 

implicated in the emotional aspects of pain (Bushnell et al., 2013). S1 and S2 are 

typically associated with the sensory dimension of pain, while cognitive aspects of pain 

 

1 Portions of this section have been published in Scientific Reports (2025): Liao, J., Silvoni, S., Desch, 
S., Serian, A., Andoh, J., & Flor, H. (2025). Cortical activity during painful and non-painful stimulation 
over four lower limb body sites: a functional near-infrared spectroscopy study. Scientific Reports, 15(1), 
5070. 
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are linked to the frontal and parietal regions of the brain (Kulkarni et al., 2005; Vierck 

et al., 2013).  

Currently, numerous studies have demonstrated that fNIRS can effectively detect 

changes in hemoglobin concentration in the cerebral cortex under painful conditions 

(Karunakaran et al., 2021). Due to the aforementioned limitations of fNIRS in spatial 

resolution, most studies have focused on the prefrontal and primary sensory cortices. 

For instance, Becerra et al. found that PFC and S1 activation was observed bilaterally 

when painful thermal stimulation was given on the dorsum of the right hand (Becerra 

et al., 2008). Another fNIRS study reported PFC activation in response to a mechanical 

painful stimulus applied to the right index finger (C. H. Lee et al., 2013). However, 

contrasting results emerged in a different study where a painful mechanical stimulus 

was applied to the gingiva (Sakuma et al., 2014). Additionally, some studies utilizing 

electrical stimulation found that PFC exhibited deactivation when pain was induced in 

the thumbs of healthy participants (Aasted et al., 2016; Yücel et al., 2015). These 

studies suggest that the PFC may be involved in pain processing by modulating 

attention and other cognitive functions. The S1, as the key cortical region for pain 

processing, plays a crucial role in assessing the intensity of peripheral sensory 

stimulation. Furthermore, fNIRS has been used to observe S1 responses to pain in 

both adults and infants (Donadel et al., 2021; Jones et al., 2022). Additionally, some 

studies have utilized fNIRS to examine the responses of other brain regions to painful 

stimulation (Hernández-Román et al., 2023; Oliver et al., 2018; Tachibana et al., 2011). 

For example, research has shown that high-intensity neuromuscular electrical 

stimulation activates the supplementary motor area in association with increased pain 

ratings, suggesting that the resulting cortical responses may partly reflect enhanced 

pain and attentional processing, as well as increased bilateral sensorimotor integration 

(Muthalib et al., 2015). 

In clinical practice, fNIRS is frequently used to study chronic pain conditions. For 

example, a study using fNIRS have shown that patients with chronic low back pain 

exhibit significantly increased oxygenated hemoglobin levels in the prefrontal cortex at 

rest (Y. Li et al., 2023). In a study of 25 patients with fibromyalgia syndrome, fNIRS 

data revealed increased bilateral cortical activation in patients with fibromyalgia 

syndrome compared with healthy controls under unilateral pressure pain stimulation, 

further demonstrating that central neural processing is altered in patients with 
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fibromyalgia syndrome (Üçeyler et al., 2015). Regarding clinical intervention studies, 

one study involving 15 patients with knee osteoarthritis demonstrated that after a six-

week exercise intervention, fNIRS detected a significant reduction in DLPFC activation 

in response to pain stimulation (Öztürk et al., 2021). Additionally, an fNIRS study 

investigating the effects of repeated peripheral magnetic stimulation combined with 

core muscle training on chronic nonspecific low back pain found that repeated 

peripheral magnetic stimulation combined with core muscle training alleviated pain with 

associated enhancement of left primary motor cortex (M1) activation, showing superior 

effects compared to the sham stimulation group (Yan et al., 2024). It is worth noting 

that in recent years, the application of fNIRS in the study of PLP has gradually 

increased. A recent published study utilized fNIRS to investigate the relationship 

between PLP, RLP, and the metabolic response of the cortical motor network (Simis 

et al., 2024). The findings revealed that metabolic activity was predominantly increased 

in the hemisphere ipsilateral to the amputation. Specifically, PLP was associated with 

heightened metabolic activity in the ipsilateral primary motor cortex (PMC) and 

premotor area, whereas RLP was primarily linked to increased metabolic activity in the 

contralateral PMC. This study further validated the feasibility of using fNIRS to 

investigate phantom limb pain.  

In conclusion, fNIRS has demonstrated considerable potential in acute and chronic 

pain research and is progressively emerging as a practical tool for exploring pain 

mechanisms and assessing treatment efficacy. 

1.4 Aims and hypotheses 

As mentioned above, pain has become a widely studied topic in neuroscience, and 

through the existing fNIRS studies on pain, it can be confirmed that fNIRS has a certain 

feasibility in pain research, but the research on PLP still needs further exploration. 

Therefore, the purpose of this thesis is to further explore the pathogenesis and the 

predictors of PLP by using fNIRS. However, due to the lack of fNIRS studies on lower 

limb pain, this thesis is divided into two parts. 

(1) The main purpose of the first part of the study was to use fNIRS to monitor the 

changes in blood oxygen concentration in PFC and S1 when healthy people were 

subjected to electrical stimulation of different intensities (including painful and non-
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painful) and whether these changes would be  different when stimulating different parts 

of the lower limb  (bilateral  groins and knees). Based on a comprehensive review of 

previous research results on stimulation of other body parts under external sensory 

stimulation (Hu et al., 2021), the hypothesis of this study was that stimulation of lower 

limb parts should cause an increase in the neuro-metabolic activity of S1 to painful 

stimulation compared with non-painful stimulation. In addition, we expected that the 

neuro-metabolic activity of the prefrontal region would be reduced during painful 

stimulation compared with non-painful stimulation. In addition, we did not expect 

significant differences in the activation patterns of different body parts. 

(2) The second study aimed to compare cortical activation patterns between pre-

amputation patients and matched healthy controls during painful and non-painful 

electrical stimulation applied to different regions of the lower limb. In addition, 

perceptual thresholds, pain thresholds, and pain tolerance levels were assessed and 

compared between the two groups. Based on postoperative outcomes, patients were 

further divided into those who developed PLP and those who did not. By comparing 

these subgroups with healthy controls, the study sought to explore potential neural 

predictors of PLP in the pre-amputation phase. It was hypothesized that, prior to 

amputation, patients would exhibit greater cortical activation in both the PFC and the 

S1 cortex compared to healthy controls. Furthermore, among the patient group, those 

who experienced PLP were expected to show higher cortical activation in the DLPFC 

and S1 regions than those who did not, particularly in response to painful stimulation. 

Patients were also anticipated to demonstrate lower pain threshold and pain tolerance 

compared to healthy controls. 
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2 MATERIALS AND METHOD 

2.1 Study 12 

2.1.1 Participants  

Sixteen right-handed healthy persons (8 male) between 21 and 30 years of age (mean 

= 24, SD = 3.4) participated in the study. They were recruited via flyers posted on the 

official website of the Central Institute of Mental Health and distributed throughout the 

university campus. The ethics committee of the Medical Faculty Mannheim, Heidelberg 

University, Germany, approved the study (ethics approval number: 2014–596 N-MA). 

All methods were performed in accordance with the relevant guidelines and 

regulations. Each participant gave written informed consent before the experiments. 

Exclusion criteria were: prior history of diseases of vital organs, brain tumors or other 

cerebral disorders or trauma, and history of mental illness). 

2.1.2 Experimental design 

The study design consisted of the following procedure: (a) assessment of perception 

and pain thresholds as well as pain tolerance to electrical skin surface stimulation of 

the left/right groin and left/right knee; (b) determination of painful and non-painful 

stimulation intensities; (c) delivery of painful and non-painful stimulation using a block-

design experimental stimulation modality with pre- and post-assessment of perceived 

stimulation intensity through a rating using a visual analogue scale (VAS) (Williamson 

& Hoggart, 2005). Throughout the experiment, fNIRS was utilized to monitor changes 

in blood oxygen concentration.  

For somatosensory stimulation, we applied electrical stimuli, using a copper electrode 

connected to a Digitimer stimulator (DS7A, Digitimer, Hertfordshire, England) with 

monophasic square-wave pulses of 0.2 ms at a 5 Hz frequency. Before the 

experimental stimulation modality, we tested the participants’ perception and pain 

 

2 All content from Study 1 has been published in Scientific Reports (2025): Liao, J., Silvoni, S., Desch, 
S., Serian, A., Andoh, J., & Flor, H. (2025). Cortical activity during painful and non-painful stimulation 
over four lower limb body sites: a functional near-infrared spectroscopy study. Scientific Reports, 15(1), 
5070. 
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thresholds as well as pain tolerance to find the optimal painful and non-painful 

stimulation intensities. Similar to previous studies (H. Liu et al., 2020; Löffler et al., 

2018), for each threshold, we calculated the average value of the stimulation intensity 

(mA) of three ascending series. The participants were instructed to press a button 

when they started to feel the stimulus (perception threshold), when the stimuli started 

to hurt (pain threshold), and when they could no longer tolerate the stimuli (pain 

tolerance). We preset the non-painful stimulation intensity at 50% between perception 

and pain thresholds, and the painful stimulation intensity was preset at 50% between 

pain threshold and pain tolerance. Next, to ensure the applicability of the obtained 

stimulus intensities in the experimental stimulation modalities, participants evaluated 

the provided stimuli, and the stimulation intensities were further calibrated. The painful 

and non-painful stimulus intensities were adjusted to a perceived stimulation intensity 

around 75% and 25% of a VAS scale, respectively. The VAS scale was presented as 

a 600-pixel (16.2 cm) vertical line, with “No sensation” at the bottom, “Pain sensation” 

in the middle, and “Extreme pain” at the top. Participants were instructed to evaluate 

the perceived electrical stimulation by marking a point on this line to reflect their 

experience, which could later be converted into numerical values of 0 to 100. We 

defined the values between “No sensation” and “Pain sensation” as non-painful 

stimulation intensity, and the values between “Pain sensation” and “Extreme pain” as 

painful stimulation intensity. We assessed the response to stimulation in four body 

sites: left and right groins, and left and right knees. The stimulation site on the groin is 

at the junction between the trunk and the thigh, while on the knee, it is above the 

patella, as shown in Fig. A-1 (a). According to a previous study (Yücel et al., 2015) and 

the aim of our study, a block-design experimental stimulation modality was employed 

to deliver painful and non-painful stimulation to the participants. Each body site was 

tested using two stimulation modalities: a painful stimulation and a non-painful 

stimulation. Each stimulation modality consisted of six 5-second stimulation blocks, 

interspersed with six rest blocks of pseudo-randomized durations (ranging from 25 to 

29 s). This pseudo-randomization was designed to prevent participants’ expectations 

and mitigate the effects of pain anticipation in the recorded signals, as shown in Fig. 

A-1 (b). Before and after the stimulation modality, the participants rated the perceived 

stimulation intensity by a VAS rating. The order of stimulation modalities was 

counterbalanced across the participants. Before the first stimulation block, we recorded 

25 s of baseline neuro-metabolic activity during which the participant was asked to 
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relax and look at a cross displayed on a screen. During the experiment, the participants 

kept their eyes open, concentrating on the stimulation, while looking at the screen 

where instructions were presented. 

Figure A-1 (a-b) 

Schematic of electrical stimulation and experimental block. 

 
Notes: (a) Schematic illustration of the stimulation at the various body sites. The electrical stimulation 
was applied at left and right groins and both knees via an anode and cathode at a distance of about one 
centimeter between them. The blue line represents the anode. The red line represents the cathode. And 
the lightning bolt represents the electrical stimulation. (b) Representation of one stimulation block and a 
rest block. Each stimulation modality consisted of 6 stimulation blocks of 5 s, each separated by 6 rest 
blocks of pseudo-randomised duration (25 to 29 s). The lightning bolt represents the electrical 
stimulation. 

2.1.3 FNIRS data recording 

Cerebral hemodynamic activity was recorded using a non-invasive multichannel 

functional near-infrared spectrometer operating at 760 and 850 nm wavelengths 

(NIRScout 24*24, NIRx Medical Technologies, Berlin, Germany). NIRStar software 

was used for data recording (NIRx Medizintechnik GmbH, Berlin, Germany). The signal 

sampling rate was 3.91 Hz. We employed a MATLAB-based toolbox37 (fOLD—fNIRS 

optode location decider) to identify the functional brain region of interest for optode-

based neuro-metabolic recording. This software accurately estimates spatial brain 

mapping of the standard electroencephalography (EEG) 10-10 systems on associated 
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Brodmann areas (Rorden & Brett, 2000). According to this method, we identified the 

Brodmann areas 1, 2, 3, 9, 10, 11, and 46 as the regions of interest in this study. In 

fOLD software, specificity is defined as the proportion of photon fluence within the 

regions of interest relative to the total fluence across all regions covered by the source- 

detector pair. This metric represents the degree to which the photon distribution is 

concentrated in the regions of interest, providing anatomical specificity for channels 

corresponding to these regions. In this study, a specificity threshold of 10% was 

applied to select channels that received at least 10% of the total fluence from the 

regions of interest. The channels were further adjusted and visualized using NIRSite 

software (NIRx Medical Technologies, Glen Head, NY). The probe consisted of sixteen 

light sources and sixteen detectors. Optodes were placed on the prefrontal and 

bilateral primary somatosensory areas, forming a 49-channel setup with an inter-probe 

distance of a maximum of 3 cm. The placement of optodes and channels were shown 

in Fig. A-2. Detailed information for each channel can be found in Table A-10 of 

supplementary materials. The infrared light sources and detectors were placed in an 

EEG cap (EASYCAP GmbH, Germany). The cap size was determined depending on 

the head circumference of participants (54 cm, 56 cm, 58 cm, and 60 cm). 

Figure A-2 (a-b) 

FNIRS optode and channel placement. 
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Notes: (a) fNIRS optode and channel placement over the bilateral primary somatosensory cortex and 
prefrontal cortex within the international 10–10 standard system. The red and blue dots represent the 
location of light sources and detectors, respectively. The yellow squares represent the location of the 
channels. Sources 03, 04, and 05 represent C3, C4, and Fz, respectively. (b) The co-registration of the 
49 channels on a standard human brain template. 

2.1.4 Data processing, analysis and statistics 

To ensure the quality of our data, we first examined the results of the VAS rating used 

in our experiment. We then eliminated any fNIRS data where participants reported 

feeling pain in response to non-painful stimuli and where non-painful stimuli were 

reported as painful. After this screening process, the sample size of analyzed data was 

13 participants for the left groin, 15 for the right knee, 16 for the right groin, and 16 for 

the left knee. These data were then processed and analyzed separately for the painful 

and non-painful stimulation. We computed the coefficient of variation (CV) for each 

channel by dividing the standard deviation of the channel data by the mean and 

multiplying by 100. The CV threshold was set at 15% to minimize the impact of physical 

artifacts and ensure the quality of the fNIRS data (Piper et al., 2014). No channels 

were excluded during this process. Subsequently, to explore the spatial correlations 

under different stimulation madalities, the NIRS data were analyzed using the open-

source software NIRS-SPM (Ye et al., 2009), implemented in Matlab R2020a. The raw 

intensity data recorded by NIRStar software were first converted to optical density 

values using NIRS-SPM’s built-in conversion function. We preprocessed the data 
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using the wavelet-minimum description length (wavelet-MDL) and the low-pass filter of 

NIRS-SPM. The wavelet-MDL method, using a wavelet filter with a support size of 9, 

effectively removed various types of noise and artefacts, including cardiac activity, 

respiration, and vaso-motion, thereby providing a more accurate estimation of the brain 

signal (Shuvra et al., 2019). In NIRS-SPM, the low-pass filter was applied by selecting 

the ‘hrf’ (hemodynamic response function) option, with a 6 dB cut-off frequency of 0.1 

Hz to filter out high-frequency noise. We employed a pre-coloring method to estimate 

the temporal correlation of fNIRS data (Friston et al., 1995). Subsequently, we utilized 

a general linear model to calculate parameter estimates of the neuro-metabolic activity 

through convolution with the canonical hemodynamic response function (with time and 

dispersion derivatives) for each of the two experimental stimulation modalities 

separately (painful and non-painful stimulation) referred to the neuro-metabolic activity 

of all intervals without stimulation. We obtained the beta (β) value of each channel 

representing the magnitude of the task response. Then, according to the regions of 

interest in this study, we grouped channels into different brain regions to obtain the 

average β value of each brain region. Channel 9, 10, 11, 12, 34, 35, 38 represent the 

left S1 cortex. Channel 13, 14, 15, 16, 36, 37, 40 represent the right S1 cortex. And 

channel 1, 2, 3, 4, 5, 6, 7, 8, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 

32, 33, 42, 43, 46 and 47 represent the PFC area. The β value calculated by this 

method represents an increase (activation) or a decrease (deactivation) of the regional 

neuro-metabolic activity during stimulation with respect to the non-stimulation intervals. 

On a linear scale, positive β values indicate activation, while negative β values denote 

deactivation. 

Data analysis was conducted using Matlab R2020a. Somatosensory intensities were 

analyzed using a two-way analysis of variance (ANOVA), while the VAS ratings and β 

values were examined with repeated-measures ANOVA. For the β values analysis, 

due to the unbalanced sample size, we handled missing data using three approaches: 

deleting subjects with missing data, replacing the missing data with the mean, and 

replacing it with the median. The results were consistent across all three methods. 

Therefore, the findings of this analysis are primarily based on available data with 

complete set of β values for each of the four body sites. The effect size for the ANOVA 

was calculated using partial eta-squared (η2), and the magnitude of the effect was 

interpreted based on the criteria: small (η2 = 0.01), medium (η2 = 0.06), and large (η2 = 

0.14) (J. Cohen, 1988). The post-hoc tests for stimulation intensities and VAS rating 
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were controlled for multiple comparisons using the Tukey-Kramer test. The post-hoc 

tests for the β values were controlled using the false discovery rate (FDR). Cohen’s d 

was used to calculate the effect size for each contrast. Effect sizes were interpreted as 

small (d = 0.2), medium (d = 0.5), and large (d = 0.8) (J. Cohen, 1988). The normality 

test was performed using Shapiro-Wilk normality test, see Supplementary Tables A-

S1, S3 and S5. Although the normality assumption was not confirmed, a repeated 

measures ANOVA was used for modeling the data, due to its robustness against 

violations of normality (R. R. Wilcox, 2011). We also tested data transformation to 

normalize the data but were not successful. Where appropriate, we used the non-

parametric equivalent to ANOVA contrasts. There were no deviations from the 

parametric versions. BrainNet Viewer (Xia et al., 2013), an open-source toolbox, was 

used for data visualization. The significance level was set at 0.05. The results section 

highlights HbO2 concentration changes, which are generally more sensitive to task-

related neural activity compared to HbR changes (Hoshi et al., 2001a; Iso et al., 2021; 

Q. Sun et al., 2020).We however also include findings related to HbR, which are now 

provided in the supplementary materials (see Supplementary Fig. A-1 and Table A-9). 

2.2 Study 2 

2.2.1 Participants 

Twenty-three persons before lower limb amputation (age: 71.1± 10.8, six females and 

17 males), and 10 healthy persons (age: 68.4 ± 7.7, four females and 6 males) 

participated  in this study. The persons before lower limb amputation were recruited at 

the Diakonissen-Stiftungs-Krankenhaus Speyer, and healthy persons were recruited 

via flyers on the official website of the Central Institute of Mental Health. The ethics 

committee of the Medical Faculty Mannheim, Heidelberg University, Germany, 

approved the study (ethics approval number: 2014-596 N-MA). All procedures were 

performed in accordance with relevant guidelines and regulations. Each subject signed 

written informed consent before the experiment. Exclusion criteria were: prior history 

of diseases of vital organs, brain tumors or other cerebral disorders or trauma, and 

history of mental illness. All patients and healthy controls were asked to complete the 

German version of the West Haven-Yale Multidimensional Pain Inventory (MPI-D) to 

assess the psychosocial impact of pain (Flor et al., 1990). However, due to health 

issues at the time of assessment, three patients were unable to complete the 
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questionnaire. At least three months after the scheduled amputation, we recontacted 

the amputees to inquire about their post-operative pain status. Two participants did not 

undergo amputation, and five could not be reached. Detailed information on these two 

groups is provided in Table B-1. 

2.2.2 Experimental design 

The experimental design was largely consistent with that of the study 1. All participants 

underwent assessments to determine perception threshold, pain threshold, and pain 

tolerance in response to electrical stimulation applied to the skin surface of the left and 

right groin and knee (see the Fig. A-1). These thresholds were used to calibrate the 

intensities of both painful and non-painful stimulation intensity. A block design was 

employed to deliver the stimulation, and participants rated their perceived intensity 

using a VAS. Throughout the experiment, fNIRS was used to monitor concentration 

changes in cortical oxygenation and deoxygenation. 

However, several modifications were made to accommodate the specific 

characteristics of the current study population. First, as the participants in this study 

were predominantly older adults, we preset the intensity for non-painful stimulation 

from 50% (midpoint between the perception and pain thresholds) to 80% of the range 

between the perception threshold and pain threshold, based on pilot testing. The 

intensity for painful stimulation was preset at 80% of the range between the pain 

threshold and pain tolerance. To ensure the suitability of the stimulation intensity, 

participants rated each stimulus using the VAS rating. As in Study 1, the VAS scale 

was presented as a 600-pixel (16.2 cm) vertical line, with “No sensation” at the bottom, 

“Pain sensation” in the middle, and “Extreme pain” at the top. A VAS rating above 50% 

was classified as painful stimulation, whereas a rating below 50% was considered non-

painful stimulation. Both painful and non-painful stimulation modalities were applied to 

each body site. Each stimulation modality consisted of six stimulation blocks, each 

lasting 5 seconds. To minimize participants’ anticipation of the stimuli and reduce the 

potential influence of pain expectation on the recorded signals, six rest blocks of 

pseudo-random duration (25-29 seconds) were interleaved between stimulation blocks. 

Compared to the previous study, participants in this study were asked to rate the 

perceived stimulation using a VAS rating after the third and sixth stimulation blocks. 

The order of stimulation patterns was counterbalanced across participants. Prior to the 
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first stimulation block, a 25-second baseline period was recorded to capture neuro-

metabolic activity, during which participants were instructed to relax and fixate on a 

cross displayed on the screen. Throughout the experiment, participants kept their eyes 

open and maintained visual focus on the screen, which displayed task-related 

instructions and served as a fixation point during stimulation. 

2.2.3 FNIRS data recording 

Cerebral hemodynamic activity was recorded using a non-invasive, multichannel 

functional near-infrared spectrometer (NIRScout 24×24, NIRx Medical Technologies, 

Berlin, Germany) operating at wavelengths of 760 and 850 nm. Data acquisition was 

conducted using NIRStar software at a sampling rate of 5.21 Hz. Building upon the first 

study, we utilized a MATLAB-based toolbox (fOLD - fNIRS Optode Location Decider) 

to identify the functional brain regions of interest for optode-based neurometabolic 

measurements. As in Study 1, we identified Brodmann areas 1, 2, 3, 9, 10, 11, and 46 

as the main study areas in this study. To ensure comprehensive coverage of the target 

brain areas, in this study we adjusted the specificity threshold to 5% to include 

channels that received at least 5% of the total photon flux in the specific study area. 

Channel selection and spatial localization were further refined and visualized using 

NIRSite software. Based on previous findings (Bolognini et al., 2013; Gallace & Bellan, 

2018; Horing et al., 2019), five additional channels were included in the parietal lobe. 

The optode configuration consisted of 22 sources and 19 detectors, forming a total of 

64 channels with an inter-optode distance of up to 3 cm. The placement of optodes 

and channels is illustrated in Figure B-1, and detailed information on individual 

channels is provided in Supplementary Table B-S1. Optodes were embedded in EEG 

caps, with cap sizes selected according to the participant’s head circumference (54 

cm, 56 cm, 58 cm, or 60 cm). 

Figure B-1 (a-b) 

FNIRS optode and channel placement. 
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Notes: (a) FNIRS optode and channel placement over the bilateral primary somatosensory cortex, 
prefrontal cortex and parietal cortex within the international 10–10 standard system. The red and blue 
dots represent the location of light sources and detectors, respectively. The white squares represent the 
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location of the channels. Sources 03, 04, and 06 represent C3, C4, and Fz, respectively; (b) The co-
registration of the 64 channels on a standard human brain template. 

2.2.4 Data processing, analysis and statistics 

Based on visual inspection of the recorded data, segments containing apparent signal 

spikes were removed, and channels exhibiting severe baseline drifts were also 

excluded entirely (Bizzego et al., 2022; Hocke et al., 2018). Furthermore, channels in 

which cardiac-related oscillations were not observed in the power spectral density were 

also discarded from further analysis, as the lack of cardiac-related oscillations in a 

channel often indicates abnormal signals or poor probe contact (Aarabi & Huppert, 

2016). In the healthy control group, brain data from one participant were excluded due 

to poor signal quality, resulting in a total of nine healthy participants included in the 

subsequent analyses. In the patient group, due to varying health conditions prior to 

amputation, some patients were unable to complete measurements for all body sites. 

Additionally, one left-handed patient was excluded to avoid potential confounding 

effects of hemispheric lateralization on the experimental results. Consequently, the 

number of patients included in each condition was as follows: 19 patients for the non-

painful stimulation and 17 for the painful stimulation of the left groin, respectively; 16 

patients for the non-painful stimulation and 15 for the painful stimulation of the right 

groin, respectively; 14 patients for the non-painful stimulation and 13 for the painful 

stimulation of the left knee, respectively; 14 patients for the non-painful stimulation and 

16 for the painful stimulation of the right knee, respectively. For the percentage of data 

retained for the further analysis, see the Figure B-S1. Subsequent preprocessing of 

the retained data was performed using the Homer2 toolbox (Huppert et al., 2009b). 

Raw intensity signals were first converted to optical density using the ‘hmrIntensity2OD’ 

function. Motion artifacts were detected and corrected via the 

‘hmrMotionCorrectWavelet’ function (iqr=1.5). Next, a bandpass filter 

(‘hmrBandpassFilt’) was applied to remove physiological noise outside the range of 

0.01-0.2 Hz. The optical density signals were then converted into changes in 

hemoglobin concentrations using the ‘hmrOD2Conc’ function. Finally, the 

hemodynamic response function (HRF) was estimated using block averaging through 

the ‘hmrBlockAvg’ function with the time range from -5s to 15s. According to the 

montage designed for this study, the 64 channels were grouped into 17 regions based 

on 10-10 EEG systems and the detailed location information for each channel (Table 

B-S1). These regions include the fronto-polar (PF; channel 40 and 41), anterior frontal 
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(AF; channel 1, 5 and 39), left anterior frontal (LAF; channel 2, 4  and 43), right anterior 

frontal (RAF; channel 6, 8 and 45), frontal (F; channel 21, 22 and 23), left frontal (LF; 

channel 3, 33, 34, 42 and 46), right frontal (RF; channel 7, 36, 37, 44 and 47), fronto-

central (FC; channel 24, 60 and 64), left fronto-central (LFC; channel 35, 48, 57, 58 

and 59), right fronto-central (RFC; 38, 49, 61, 62 and 63), central (C; channel 17, 18 

and 20), left central (LC; channel 9, 10, 11 and 25), right central (RC; channel 13, 14, 

15 and 29), centro-parietal (CP; channel 19, 26 and 30), left centro-parietal (LCP; 

channel 12, 27, 28, 55 and 56), right centro-parietal (RCP; channel 16, 31, 32, 50 and 

51), and parietal (P; channel 52, 53 and 54) areas. For the analysis comparing patients 

with and without phantom limb pain (PLP) to healthy controls, patients were regrouped 

based on the side of amputation, and the corresponding data from healthy participants 

were reclassified accordingly. To eliminate the confounding effects of the side of 

amputation on the results, the brain imaging data were flipped along the left–right axis 

according to the amputated side (J. Zhang et al., 2018). A total of nine healthy controls 

were included in the analysis. The number of patients included under each condition 

was as follows: for non-painful stimulation of the groin on the amputated side, 5 

patients with PLP and 9 without PLP; for painful stimulation of the groin on the 

amputated side, 5 with PLP and 8 without PLP. For non-painful stimulation of the groin 

on the non-amputated side, 7 with PLP and 8 without PLP; for painful stimulation of 

the groin on the non-amputated side, 6 with PLP and 8 without PLP. For non-painful 

stimulation of the knee on the amputated side, 4 with PLP and 7 without PLP; for painful 

stimulation of the knee on the amputated side, 6 with PLP and 7 without PLP. For non-

painful stimulation of the knee on the non-amputated side, 4 with PLP and 7 without 

PLP; and for painful stimulation of the knee on the non-amputated side, 5 with PLP 

and 5 without PLP. For statistical analysis of the preprocessed brain data, the average 

hemodynamic response was calculated as the mean signal value within the time 

window from -5 to 15 seconds. For each brain region, the baseline mean (i.e., the 

average signal from -5 to 0 seconds) was subtracted to compute the baseline-

corrected response (Zhou et al., 2020). The resulting value was considered stimulus-

related: values greater than zero were interpreted as an increase of the oxygenated 

hemoglobin (i.e. activation), while values less than zero were interpreted as a decrease 

of the oxygenated hemoglobin (i.e. deactivation).  

Data analysis was conducted using MATLAB R2020a. The Shapiro-Wilk test was used 

to assess the normality of all continuous variables. For normally distributed variables, 
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independent-samples t-tests were employed to compare groups. For variables that did 

not meet the assumption of normality, non-parametric test (Mann - Whitney U test) 

were applied. Categorical variables were analyzed using the chi-square test. A three-

way ANOVA was conducted to analyze stimulation thresholds with three factors: group 

(2 levels: patients group and healthy controls), threshold (3 levels: perception and pain 

thresholds, pain tolerance) and body site (4 levels: left and right groin, left and right 

knee). The three-way ANOVA was conducted to analyze stimulation intensities and 

global average hemodynamic responses with three factors: group (2 levels: patients 

group and healthy controls), modality (2 levels: painful and non-painful stimulation) and 

body site (4 levels: left and right groin, left and right knee). Repeated-measures 

ANOVA was applied to assess VAS ratings. For comparisons of regional average 

hemodynamic responses, independent-samples t-tests were used to compare the 

patient group and healthy controls, while one-way ANOVA was conducted to compare 

the non-PLP patient group, the PLP patient group, and healthy controls. Prior to 

ANOVA, tests for normality and homogeneity of variance were performed. For datasets 

violating these assumptions, corresponding non-parametric analyses were conducted. 

As the results of non-parametric analyses were consistent with those of ANOVA, the 

ANOVA results were retained and reported in this study. Post-hoc comparisons for the 

three-way ANOVA results were conducted using the Tukey - Kramer test to correct for 

multiple pairwise comparisons. The false discovery rate (FDR) method was applied to 

control for multiple testing of independent-samples t-tests and one-way ANOVA. A 

significance threshold of 0.05 was used for all statistical tests. Note that the main 

objective of this study was to investigate intergroup differences. In the exploratory 

analysis of the PLP subgroup, particular emphasis was placed on comparisons 

between the PLP group and the other two groups. 
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3 RESULTS 

3.1 Study 1 

3.1.1 Stimulation intensity 

Descriptive statistics of stimulus intensities over the two stimulation modalities and the 

four different body sites are presented in Fig. A-4 and Table A-S1. The two-way 

ANOVA with stimulation intensities as a dependent variable, based on a total of 16 

observations, revealed significant main effects of body site and stimulation modality 

(painful vs. non- painful) on the stimulation intensities (body site: F3 = 6.6, p < 0.001, 

η2 = 0.142; stimulation modality: F1 = 6.2, p = 0.014, η2 = 0.049), but no significant 

interaction between these two factors (F3 = 1.2, p = 0.330, η2 = 0.028). Post-hoc Tukey 

test revealed that the stimulation intensities at both knees were significantly smaller 

than those assessed at the left groin (left groin vs. left knee: p < 0.001; left groin vs. 

right knee: p < 0.05), see Supplementary Table A-2 for details. 

Figure A-4 

Stimulation intensity (mA) of each body site under the two stimulation modalities. 
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Note: Boxplots are used to display the painful stimulus values (represented by pink boxes) and non-
painful stimulus values (represented by blue boxes) at each of the four locations. The central line within 
each box represents the median. The edges of the box correspond to the 25th and 75th percentiles, 
defining the interquartile range (IQR). Whiskers extend to the most extreme data points within 1.5 times 
the IQR from the first and third quartiles. Outliers are depicted as circles outside the boxes. 

3.1.2 Visual Analogue Scale rating 

Descriptive statistics of the VAS ratings over the two stimulation modalities and the 

four body sites are represented in Fig. A-5 and Table A-S3. The repeated-measures 

ANOVA of the VAS rating, with a total of 16 observations, showed a significant main 

effect of body site and a significant main effect of stimulation modality (painful vs. non-

painful), but no significant main effect of time (before the stimulation modality vs. after 

the stimulation modality) (body site: F3 = 3.6, p = 0.022, η2 = 0.191; stimulation 

modality: F1 = 413.4, p < 0.001, η2 = 0.965; time: F1 = 0.1, p = 0.720, η2= 0.009) (see 

Table A-1). The post-hoc Tukey test depicted in Fig. A-6 revealed no significant 

differences after multiple comparisons correction among the body sites. However, the 

VAS rating for the right groin was lower than that for the left knee, showing a trend, as 

indicated by a p-value of 0.05; see Supplementary Table A-4 for details. 

Figure A-5 (a-b) 

The visual analogue scale (VAS) ratings of each body site under the two stimulation 

modalities. 

 
Notes: Boxplots are used to display the VAS ratings under the painful stimulation (represented by pink 
boxes) and non-painful stimulation (represented by blue boxes) at each of the four locations. The central 
line within each box represents the median. The edges of the box correspond to the 25th and 75th 
percentiles, defining the interquartile range (IQR). Whiskers extend to the most extreme data points 
within 1.5 times the IQR from the first and third quartiles. Outliers are depicted as circles outside the 
boxes. The (a, b) show the different rating times (a before the stimulation modality; b after the stimulation 
modality). 

Table A-1  
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Repeated-measures analysis of variance (ANOVA) results for visual analogue scale 

(VAS) rating. 

 
Notes: Stimulation modality: painful and non-painful stimulation; Time: before the stimulation modality 
and after the stimulation modality; Df: degree of freedom; F: F-statistic; p: p-value; η2: partial eta-
squared. 

Figure A-6 

Bar plots showing the mean visual analogue scale (VAS) rating across body sites.  

 
Notes: Error bars represent the standard error of the mean (SE). 
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3.1.3 Analysis of brain activation 

We utilized the general linear model to generate interpolated topographical maps for 

the different body sites exposed to painful and non-painful stimuli. This enabled us to 

examine how various brain regions were activated or deactivated in response to these 

stimuli. As described in the method section, a positive β value reflects the activation of 

regional neuro-metabolic activity during stimulation compared to non-stimulation 

intervals, while a negative β value indicates its deactivation. The repeated-measures 

ANOVA of the β values, with a total of 12 observations, showed a significant main 

effect of brain region (F2 = 9.2, p = 0.001, η2 = 0.455), but no significant main effect of 

body site and stimulation modality (painful and non-painful) (Body site: F3 = 0.2, p = 

0.921, η2 = 0.014; Stimulation modality: F2 = 0.10, p = 0.761, η2 = 0.009). The 

interaction between body site, stimulation modality, and brain region was significant 

(F6 = 3.1, p = 0.009, η2 = 0.221), indicating that the combined effects of these factors 

significantly influenced the β values. See the Supplementary Table A-6 for the detailed 

information. The results of the post-hoc multiple comparisons between the β values for 

each brain region can be found in Supplementary Table A-7. Figure A-7 showed the 

results of post-hoc multiple comparisons of the β value of each brain region under 

different stimulation modalities (painful and non-painful) for each body site. We 

observed the activation of bilateral S1 and PFC areas in response to a non-painful 

stimulation on the left groin. During painful stimulation of the left groin, we noted 

deactivation in the ipsilateral S1 cortex and PFC. Figure A-7 (b) clearly indicated a 

significant increase in oxyhemoglobin levels in bilateral S1 cortex and PFC during non-

painful stimulation compared to painful stimulation of left groin. When we applied 

electrical stimulation to the right groin, we observed activation in the bilateral S1 cortex 

and deactivation in the PFC, independent of the stimulation modality. However, the 

ipsilateral S1 cortex exhibited greater activation in response to non-painful stimuli 

compared to painful stimuli, as shown in Fig. A-7 (b). When we stimulated the left knee, 

we observed activation in the bilateral S1 cortex and deactivation in the PFC. There is 

no statistical significance observed in the alterations within these three distinct brain 

regions when comparing activity patterns of the cerebral cortex under painful and non-

painful stimulation, as depicted in Fig. A-7 (b). As can be seen in Fig. A-7 (a), we saw 

activation in the bilateral S1 cortex and deactivation in the PFC when the painful 

stimulation were provided on the right knee. We observed activation in the ipsilateral 

S1 cortex and deactivation in the contralateral S1 cortex, the PFC, during non-painful 
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stimulation of right knee. We found a significant increase in oxyhemoglobin levels in 

these three brain regions during the painful stimulation when compared to non-painful 

stimulation; see Fig. A-7 (b). See the Supplementary Table A-8 for the statistical results 

of Fig. A-7 (b). 

Figure A-7 (a-b) 

Topographic brain activity and group-averaged β value comparisons across body site 

Stimulations. 

 
Notes: (a) Topographic images of group-averaged cortical deactivations and/or activations during 
painful (left) and non-painful (right) stimulation modalities given on each body site (left groin, right groin, 
left knee and right knee). (b) Comparisons of the group-averaged β values of different brain regions 
when stimulating different body sites. The pink bar represents the painful stimuli, and the blue bar 
represents the non-painful stimuli. Left S1 means left primary somatosensory area, right S1 means right 
primary somatosensory area, and PFC means prefrontal area. Error bars represent the standard error 
of the mean. (*=p<0.05, **=p<0.01, ***=p<0.001). 
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3.2 Study 2 

3.2.1 Demographic and clinical characteristics of patient group and healthy 
controls group 

In this study, the majority of the 21 patients scheduled to undergo lower limb 

amputation were male (76.2%). The amputations were primarily due to occlusive 

arterial disease, either associated with diabetes (66.7%) or not associated with 

diabetes (33.3%). The levels of amputation varied: 38.1% underwent above-knee 

amputations, 28.6% below-knee, 14.3% forefoot, and 23.8% toe amputations. Follow-

up assessments were conducted three to eight months post-amputation (mean: 5.1 ± 

1.8 months), during which 16 patients participated. Among them, 7 reported 

experiencing phantom limb pain, accounting for 43.8% of the follow-up group. A 

comparison between the patient group (N = 18) and the healthy control group (N = 10) 

revealed significantly higher pain severity in the patient group (p < 0.001). There were 

no significant differences between the patient group (N = 21) and the healthy control 

group (N = 10) in terms of age (p = 0.482), sex (p = 0.353), BMI (p = 0.364), or 

handedness (p = 0.483). See the table B-1 for the details. 

Table B-1  

Demographic, clinical data of patient group and healthy control group. 
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Note: HC: healthy controls; N: number; BMI: body mass index; P: patient group; t: t-statistic; chi2: chi-
square statistic; p: p-value. 

3.2.2 Stimulation thresholds 

Descriptive statistics of stimulus values over the three stimulation thresholds, four 

different body sites and the two groups are presented in Table B-S2. The three-way 

ANOVA with stimulation values as a dependent variable, based on a total of 31 

observations, revealed significant main effects of stimulation threshold (perception, 

pain and pain tolerance) and group (patient group vs. healthy control group) on the 

stimulus value (threshold: F2 = 14.8, p < 0.001; group: F1 = 26.0, p < 0.001), and the 

significant interaction effect between these two factors (F2 = 3.6, p = 0.029). See the 

Table B-2 for the details. Post-hoc Tukey test revealed that the stimulation values of 

pain tolerance threshold in patient group were significantly higher than those in the 

healthy control group. In the patient group, the stimulus values of pain tolerance 

threshold were significantly higher than the stimulus values of perception and pain 

thresholds, and the stimulus values of pain threshold were significantly higher than the 

stimulus values of perception threshold. See the figure B-1. See the table B-S3 for the 

detailed information. 
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Table B-2  

Table for stimulation thresholds. Three-way analysis of variance (ANOVA) with factors 

threshold, body site, group. 

 
Note: Threshold: perception threshold, pain threshold and pain tolerance; Body site: left and right groin, 
left and right knee; df: degree of freedom; SS: Sum of Squares; MS: Mean Square; F: F-statistic; p: p-
value; *=p<0.05. 

Figure B-1 

Bar plots showing the mean stimulation value across thresholds. 

 
Note: Error bars represent the standard error of the mean (SE). (HC: healthy control group; *=p<0.05, 
**=p<0.01 and ***=p<0.001). 
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3.2.3 Stimulation intensities 

Descriptive statistics of stimulus intensities over the four body sites, two stimulation 

modalities and the two groups are presented in Table B-S4. The three-way ANOVA 

with stimulation intensities as a dependent variable, based on a total of 31 

observations, revealed significant main effects of body site (left groin, right groin, left 

knee and right knee), stimulation modality (painful vs. non- painful) and group (patient 

group vs. healthy control group) on the stimulation intensities (body site: F3 = 2.8, p = 

0.043; stimulation modality: F1 = 10.8, p = 0.001; group: F1 = 22.8, p < 0.001), but no 

significant interaction effect among the three factors. See the Table B-3. Post-hoc 

Tukey test revealed that the painful stimulation intensities in patient group were 

significantly higher than those in the healthy control group (p < 0.001). In the patient 

group, the painful stimulation intensities were higher than the non-painful stimulation 

intensities (p < 0.001). See the figure B-2. Although a main effect of stimulation 

intensity was observed across different body sites, no significant group differences 

were found within the same body site after the post-hoc Tukey test correction. See the 

figure B-3. See the table B-S5 and B-S6 for the details of Post-hoc Tukey test. 

Table B-3  

Table for stimulation intensities. Three-way analysis of variance (ANOVA) with factors 

body site, stimulation modality, group. 

 
Note: Body site: left and right groin, left and right knee; Modality: painful and non-painful stimulation; 
Group: patient group and healthy control group; df: degree of freedom; SS: Sum of Squares; MS: Mean 
Square; F: F-statistic; p: p-value; *=p<0.05. 

Figure B-2 
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Bar plots showing the mean stimulation value across stimulation modalities. 

 
Note: Error bars represent the standard error of the mean (SE). (*** = p < 0.001). 

Figure B-3 

Bar plots showing the mean stimulation value across body sites. 

 
Note: Error bars represent the standard error of the mean (SE).  
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3.2.4 Visual Analogue Scale rating 

Descriptive statistics of the VAS ratings over the two groups, the two stimulation 

modalities, the four body sites and the three time points are represented in Table B-

S7. The repeated-measures ANOVA of the VAS rating, with a total of 31 observations, 

showed a significant main effect of stimulation modality (painful vs. non-painful), but 

neither significant main effect of group (patient group vs. healthy control group) nor 

body site (left groin, right groin, left knee and right knee) and time point (before the 

stimulation modality, after 3rd block and after 6th block) (group: F1 = 0.2, p = 0.651;  

body site: F3 < 0.1, p = 0.992; stimulation modality: F1 = 23.3, p < 0.001; time point: F2 

= 0.6, p = 0.520) (see Table B-4). Figure B-4 illustrates that there were no statistically 

significant differences in VAS rating over different time points and between groups.  

Table B-4  

Table for VAS ratings. Repeated-measure analysis of variance (ANOVA) with factors 

body site, modality, group, time point. 
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Notes: Body site: left and right groin, left and right knee; Modality: painful and non-painful stimulation; 
Group: patient group and healthy control group; Time point: before the modality, after the 3rd and 6th 
blocks; df: degree of freedom; SS: Sum of Squares; MS: Mean Square; F: F-statistic; p: p-value; 
*=p<0.05. 

Figure B-4 

Line plots showing the mean VAS rating across different time points. 
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Note: Error bars represent the standard error of the mean (SE). (Time points: before the modality, after 
the 3rd and 6th blocks; HC: healthy controls) 

3.2.5 Global cortical hemodynamic response 

Descriptive statistics of the mean change in HbO2 and HbR concentration over the two 

groups, the two stimulation modalities and the four body sites are represented in 

Tables B-S8 and B-S11. The three-way ANOVA of the mean change in HbO2 

concentration, with a total of 28 observations, showed a significant main effect of body 

site (left groin, right groin, left knee and right knee), a significant main effect of 

stimulation modality (painful vs. non-painful) and significant main effect of group 

(patient group vs. healthy control group), (group: F1 = 60.3, p < 0.001;  body site: F3 = 

2.8, p = 0.042; stimulation modality: F1 = 8.5, p = 0.004). There was a significant 

interaction effect between the stimulation modality and group (F1 = 11.7, p < 0.001), 

see Table B-5. Post-hoc Tukey test showed that the mean change of HbO2 

concentration in the patient group was significantly higher than that in the healthy 

control group, regardless of whether painful stimulation (p < 0.05) or non-painful 

stimulation (p < 0.001) was given. In the patient group, the mean change in HbO2 

concentration was significantly smaller during painful stimulation compared to non-

painful stimulation (p < 0.001). See the figure B-5. In addition, the mean change of 

HbO2 concentration in the patient group was significantly higher than that in the 

healthy control group when given the stimulation on the right groin (p < 0.001) and the 

right knee (p < 0.001). See the figure B-6. See the table B-S9 and B-S10 for the 

detailed information. 



 

 
44 

The three way ANOVA of the mean change in HbR concentration, with a total of 28 

observations, showed a significant main effect of group (patient group vs. healthy 

control group) (group: F1 = 116.3, p < 0.001). There was a significant interaction effect 

among the three factors, body site, stimulation modality and group (F3 = 2.9, p = 0.035), 

see Table B-S6. Post-hoc Tukey test revealed that, for stimulation at the left groin, left 

knee, and right knee, the patient group showed significantly greater mean changes in 

HbR concentration compared to the healthy control group, regardless of whether the 

stimulation was painful or non-painful. For stimulation at the right groin, the patient 

group showed significantly higher mean changes in HbR concentration under painful 

stimulation compared to the healthy control group, while the healthy control group 

showed significantly lower HbR concentration changes under painful stimulation 

compared to non-painful stimulation. See the figure B-7. See the table B-S12 for the 

detailed information. 

Table B-5 

Table for the mean change in oxyhemoglobin concentration. Three-way analysis of 

variance (ANOVA) with factors body site, stimulation modality, group. 

 
Notes: Body sites: left and right groin, left and right knee; Modalities: painful and non-painful stimulation; 
Groups: patient group and healthy control group; df: degree of freedom; SS: Sum of Squares; MS: Mean 
Square; F: F-statistic; p: p-value; *=p<0.05. 

Figure B-5 

Bar plots showing the mean change in oxyhemoglobin concentration across 

stimulation modalities and groups. 
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Notes: Error bars represent the standard error of the mean (SE). (*=p<0.05, ***=p<0.001, HC: healthy 
controls). 

Figure B-6 

Bar plots showing the mean change in oxyhemoglobin concentration of across groups 

and body sites. 

 
Notes: Error bars represent the standard error of the mean (SE). (***=p<0.001). 

Table B-6 
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 Table for the mean change in deoxyhemoglobin concentration. Three-way analysis of 

variance (ANOVA) with factors body site, stimulation modality, group. 

 
Notes: Body site: left and right groin, left and right knee; Modality: painful and non-painful stimulation; 
Group: patient group and healthy control group; df: degree of freedom; SS: Sum of Squares; MS: Mean 
Square; F: F-statistic; p: p-value; *=p<0.05. 

Figure B-7 

Bar plots showing the mean change in deoxyhemoglobin concentration of across 

groups, body sites and stimulation modalities. 

 
Notes: Error bars represent the standard error of the mean (SE). (*=p<0.05; **=p<0.01; ***=p<0.001; 
HC: healthy controls). 
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3.2.6 Regional cortical hemodynamic response 

Following FDR correction, independent-samples t-tests revealed significant regional 

differences in cortical hemodynamic responses between groups. Under right groin pain 

stimulation, the patient group showed significantly greater mean changes in HbR 

concentration in the left central cortex (LC; p = 0.004) and right frontal cortex (RF; p = 

0.002) compared to healthy controls. See the figure B-8. Under non-painful stimulation 

of the right knee, significantly increased HbR changes were also observed in the right 

centro-parietal cortex (RCP; p = 0.002) in patients. See the figure B-9. These results 

are detailed in Tables B-S13 and B-S14. No other significant group differences were 

found across remaining brain regions or stimulation conditions (see Supplementary 

Tables B-15 – B-20 and Figure B-2 – B-7). 

Figure B-8 

Between-group comparisons of hemoglobin concentration changes across cortical 

regions under right groin painful stimulation. 

 
Notes: PF: fronto-polar area; AF: anterior frontal area; LAF: left anterior frontal area; RAF: right anterior 
frontal area; F: frontal area; LF: left frontal area; RF: right frontal area; FC: fronto-central area; LFC: left 
fronto-central area; RFC: right fronto-central area; C: central area; LC: left central area; RC: right central 
area; CP: centro-parietal area; LCP: left centro-parietal area; RCP: right centro-parietal area; P: parietal 
area; HC: healthy control group; Patient: patient group; HbO2: oxyhemoglobin; HbR: deoxyhemoglobin. 
The x-axis represents time (in seconds), and the y-axis represents normalized changes in hemoglobin 
concentration (range: -1 to 1). Yellow stars indicate significant between-group differences in HbR 
concentration after FDR correction. 

Figure B-9 
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Between-group comparisons of hemoglobin concentration changes across cortical 

regions under right knee non-painful stimulation. 

 
Notes: PF: fronto-polar area; AF: anterior frontal area; LAF: left anterior frontal area; RAF: right anterior 
frontal area; F: frontal area; LF: left frontal area; RF: right frontal area; FC: fronto-central area; LFC: left 
fronto-central area; RFC: right fronto-central area; C: central area; LC: left central area; RC: right central 
area; CP: centro-parietal area; LCP: left centro-parietal area; RCP: right centro-parietal area; P: parietal 
area; HC: healthy control group; Patient: patient group; HbO₂: oxyhemoglobin; HbR: deoxyhemoglobin. 
The x-axis represents time (in seconds), and the y-axis represents normalized changes in hemoglobin 
concentration (range: -1 to 1). Yellow stars indicate significant between-group differences in HbR 
concentration after FDR correction. 

3.2.7 Comparison between PLP and Non-PLP patient subgroups and healthy 
controls 

(1) Demographic and clinical characteristics  

The demographic and clinical characteristics of the PLP, non-PLP patient subgroups, 

and healthy controls are summarized in Table B-7. All participants were right-handed, 

and there were no significant differences among the three groups in terms of age (p = 

0.649), gender (p = 0.132), or BMI (p = 0.450). Additionally, there were no significant 

differences between the PLP and non-PLP groups in terms of amputation level (p = 

0.484), residual limb pain (p = 0.377), or phantom sensation (p = 0.949). However, a 

significant group difference was observed in pain severity scores assessed by the MPI 

(p <0.001). Post-hoc Tukey test showed that the pain severity scores of non-PLP group 

were significantly higher than the scores of PLP group and healthy control group. In 

addition, the pain severity scores of PLP group were notably higher than the scores of 

healthy control group. See the figure B-10. See the table B-S21 for the detailed 

information. 
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Table B-7  

Demographic and clinical characteristics of PLP and Non-PLP patient subgroups and 

healthy controls group. 

 
Note: HC: healthy controls; N: number; BMI: body mass index; PLP: the phantom limb pain patient 
group; NPLP: the non-phantom limb pain group. 

Figure B-10 

Bar plots showing the mean pain severity value across groups. 
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Note: Error bars represent the standard error of the mean (SE). (*=p<0.05, ***=p<0.001). 

(2) Stimulation thresholds 

Descriptive statistics of stimulus values over the three stimulation thresholds, four 

different body sites and the three groups are presented in Table B-S22. The three-way 

ANOVA with stimulation values as a dependent variable, based on a total of 25 

observations, revealed significant main effects of stimulation threshold (perception, 

pain and pain tolerance) and group (PLP patient group, non-PLP patient group and 

healthy control group) on the stimulus value (threshold: F2 = 21.1, p < 0.001; group: F2 

= 15.2, p < 0.001), and there was no significant interaction effect among the three 

factors. See the table B-8 for the details. Post-hoc Tukey test revealed that the 

stimulation values of pain tolerance thresholds in healthy control group were 

significantly smaller than those in the non-PLP patient and PLP patient group. The 

stimulation values of pain thresholds in non-PLP patient group were significantly higher 

than those in the healthy control group. See the figure B-11. See the table B-S23 for 

the detailed information. 

Table B-8 

Table for stimulation thresholds. Three-way analysis of variance (ANOVA) with factors 

threshold, body site, group. 
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Notes: Threshold: perception threshold, pain threshold and pain tolerance; Body site: groin on the 
amputated side, groin on the non-amputation side, knee on the amputated side, knee on the non-
amputation side; df: degree of freedom; SS: Sum of Squares; MS: Mean Square; F: F-statistic; p: p-
value; *=p<0.05. 

Figure B-11 

Bar plots showing the mean stimulation value across thresholds. 

 
Notes: Error bars represent the standard error of the mean (SE). (*=p<0.05, **=p<0.01 and ***=p<0.001). 

(2) Stimulation intensities 

Descriptive statistics of stimulus values over the three stimulation thresholds, four 

different body sites and the three groups are presented in Table B-S24. The three-way 

ANOVA with stimulation intensities as a dependent variable, based on a total of 25 

observations, revealed significant main effects of stimulation modality (non-painful vs. 
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painful) and group (the non-PLP, PLP patient group and the healthy control group) 

(stimulation modality: F1 = 14.6, p < 0.001; group: F2 = 13.9, p < 0.001), and there was 

no significant interaction effect among the three factors. See the table B-9 for the 

details. Post-hoc Tukey test revealed that the painful stimulation intensities in the 

healthy control group were significantly smaller than those in the non-PLP patient and 

PLP patient group. The painful stimulation intensities were significantly higher than the 

non-painful stimulation intensities in non-PLP patient group. See the figure B-12. See 

the table B-S25 for the detailed information. 

Table B-9 

Table for stimulation intensities. Three-way analysis of variance (ANOVA) with factors 

body site, modality, group. 

 
Notes: Body site: groin on the amputated side, groin on the non-amputation side, knee on the amputated 
side, knee on the non-amputation side; Modality: painful and non-painful stimulation; Group: non-PLP 
patient group, PLP patient group and healthy control group; df: degree of freedom; SS: Sum of Squares; 
MS: Mean Square; F: F-statistic; p: p-value; *=p<0.05. 

Figure B-12 

Bar plots showing the mean stimulation value across stimulation modalities. 
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Notes: Error bars represent the standard error of the mean (SE). (*=p<0.05, **=p<0.01 and ***=p<0.001). 

(4) Global cortical hemodynamic response 

Descriptive statistics of the mean change in HbO2 and HbR concentration over the two 

groups, the two stimulation modalities and the four body sites are represented in Table 

B-S26 and S28. The three way ANOVA of the mean change in HbO2 concentration, 

with a total of 25 observations, showed a significant main effect of body site (groin on 

the amputation side, groin on the non-amputation site, knee on the amputation side 

and knee on the non-amputation side), a significantly main effect of stimulation 

modality (painful vs. non-painful) and significantly main effect of group (the PLP patient 

group, the non-PLP patient group, the healthy control group), (body site: F3 = 4.6, p = 

0.003; stimulation modality: F1 = 9.0, p = 0.003; group: F2 = 40.4, p < 0.001) (see Table 

B-10). There was a significant interaction effect among these three factors (F6 = 4.5, p 

< 0.001). Post-hoc Tukey test revealed that, under non-painful stimulation applied to 

the groin on the amputation side, the mean changes in HbO2 concentration were 

significantly lower in both the non-PLP patient group and the healthy control group 

compared to the PLP patient group. See the figure B-13. See the table B-S27 for the 

detailed information. 

The three way ANOVA of the mean change in HbR concentration, with a total of 25 

observations, showed a significant main effect of group (the PLP patient group, the 

non-PLP patient group, the healthy control group), (group: F2 = 67.3, p < 0.001) (see 
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Table B-11). There was a significant interaction effect among these three factors (F6 = 

3.3, p = 0.003). Post-hoc Tukey test showed that, under painful stimulation applied to 

the groin and knee on the amputation side, the mean changes in HbR concentration 

were significantly lower in the non-PLP patient group and the healthy control group 

compared to the PLP patient group. See the figure B-14. See the table B-S29 for the 

detailed information. 

Table B-10 

Table for the mean change in oxyhemoglobin concentration. Three-way analysis of 

variance (ANOVA) with factors body site, stimulation modality, group. 

 
Notes: Body site: groin on the amputated side, groin on the non-amputation side, knee on the amputated 
side, knee on the non-amputation side; Modality: painful and non-painful stimulation; Group: non-PLP 
patient group, PLP patient group and healthy control group; df: degree of freedom; SS: Sum of Squares; 
MS: Mean Square; F: F-statistic; p: p-value; *=p<0.05. 

Figure B-13 

Bar plots showing the mean change in oxyhemoglobin concentration of across group, 

stimulation modality and body site. 
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Notes: Error bars represent the standard error of the mean (SE). (ag: groin on the amputated side; nag: 
groin on the non-amputation side; ak: knee on the amputated side; nak: knee on the non-amputation 
side; nPLP: non-phantom limb pain patient group; PLP: phantom limb pain patient group; HC: healthy 
control group; *=p<0.05, **=p<0.01, ***=p<0.001). 

Table B-11 

 Table for the mean change in deoxyhemoglobin concentration. Three-way analysis of 

variance (ANOVA) with factors body site, stimulation modality, group. 

 
Notes: Body site: groin on the amputated side, groin on the non-amputation side, knee on the amputated 
side, knee on the non-amputation side; Modality: painful and non-painful stimulation; Group: non-PLP 
patient group, PLP patient group and healthy control group; df: degree of freedom; SS: Sum of Squares; 
MS: Mean Square; F: F-statistic; p: p-value; *=p<0.05. 

Figure B-14 
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Bar plots showing the mean change in deoxyhemoglobin concentration of across 

group, stimulation modality and body site. 

 
Notes: Error bars represent the standard error of the mean (SE). (ag: groin on the amputated side; nag: 
groin on the non-amputation side; ak: knee on the amputated side; nak: knee on the non-amputation 
side; nPLP: non-phantom limb pain patient group; PLP: phantom limb pain patient group; HC: healthy 
control group; *=p<0.05, **=p<0.01, ***=p<0.001). 

(5) Regional cortical hemodynamic response 

After FDR correction, one-way ANOVA revealed that, under painful stimulation of the 

non-amputated side knee, the non-PLP patient group showed significantly greater 

mean changes in HbR concentration in the ipsilateral frontal cortex (IF; p = 0.004) and 

contralateral fronto-central cortex (CFC; p = 0.002) compared to both the PLP group 

and healthy controls (see Figure B-15). These results are detailed in Table B-S30. No 

other significant between-group differences were observed across brain regions or 

stimulation conditions (see Supplementary Tables B-31 to B-37 and Figure B-8 – B-

14). 

Figure B-15 

Between-group comparisons of hemoglobin concentration changes across cortical 

regions under non-amputation side knee painful stimulation. 



 

 
57 

 
 Notes: PF: fronto-polar area; AF: anterior frontal area; IAF: ipsilateral anterior frontal area; CAF: 
contralateral anterior frontal area; F: frontal area; IF: ipsilateral frontal area; CF: contralateral frontal 
area; FC: fronto-central area; IFC: ipsilateral fronto-central area; CFC: contralateral fronto-central area; 
C: central area; IC: ipsilateral central area; CC: contralateral central area; CP: centro-parietal area; ICP: 
ipsilateral centro-parietal area; CCP: contralateral centro-parietal area; P: parietal area; HC: healthy 
control group; NPLP: non-phantom limb pain patient group; PLP: phantom limb pain patient group; 
HbO2: oxyhemoglobin; HbR: deoxyhemoglobin. The x-axis represents time (in seconds), and the y-axis 
represents normalized changes in hemoglobin concentration (range: -1 to 1). Yellow stars indicate 
significant between-group differences in HbR concentration after FDR correction. 
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4 DISCUSSION 

4.1 Study 1 

This study examined changes in oxyhemoglobin levels in the cerebral cortex when 

healthy persons were subjected to painful and non-painful stimuli administered at four 

lower extremity sites using fNIRS. We found that there was no significant main effect 

of body sites and stimulation modalities on oxyhemoglobin activity. However, brain 

regions and the interaction between body sites, stimulation modalities, and brain 

regions significantly influenced oxyhemoglobin activity. Specifically, painful stimulation 

of the left groin resulted in deactivation of the PFC and the bilateral S1 compared to 

non-painful stimulation. In contrast, painful stimulation of the right knee induced 

activation of these regions compared to non-painful stimulation. Additionally, we also 

observed differences in perception of electrical stimulation across four different body 

sites.  

The repeated-measures ANOVA of the β values revealed that there was no significant 

main effect of stimulation across different body sites on oxyhemoglobin activity, 

aligning with our hypothesis. This result may be attributed to the adjacency of cortical 

projections for the bilateral groin and knees within S1, as well as the relatively small 

cortical representation of these lower limb regions (Penfield, 1937). Due to the spatial 

limitations of fNIRS, it is possible that the method was unable to detect significant 

differences in sensory cortical activation associated with stimulation of distinct lower 

limb regions. Additionally, we also found that the different levels of stimulation modality 

(painful and non-painful) did not significantly affect oxygenated hemodynamic activity, 

while the pattern of the oxygenated hemodynamic activity significantly depended on 

observed brain regions. From the supplement Table A-S7, it is evident that the β values 

of right S1 were higher than the β values of PFC. This phenomenon may be attributed 

to the specialization of the right hemisphere in the regulation of emotional and pain 

processing (Duerden & Albanese, 2013), as well as the complexity of the PFC in 

interpreting sensory stimuli. These aspects will be clarified in the following discussion. 

Interestingly, the interaction between body sites, stimulation modalities, and brain 

regions significantly influenced oxygenated hemodynamic responses. This suggests 

that the combination of these factors exerts a complex modulatory effect on 

oxyhemoglobin activity, with the impact of different body sites potentially varying 
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depending on the brain region and stimulation intensity. Consistent with the objectives 

of this study, the primary focus was on the differences in regional brain activation under 

painful and non-painful stimulation intensities. From the post-hoc tests, we observed 

that the PFC exhibited deactivation during painful stimulation compared to non-painful 

stimulation when electrical stimulation was applied to the left groin. This finding is in 

line with previous brain imaging studies. For instance, In an fMRI study, Kong et al.  

(2010). reported that high thermal pain stimulation applied to the right forearm of 

healthy persons induced bilateral deactivation of the medial prefrontal cortex. In an 

fNIRS study, Yücel et al. (2015) found that both acute electrical noxious and innocuous 

stimuli applied to the left thumb of healthy participants led to a significant decrease in 

HbO2 concentration in the superior and middle frontal gyrus. The deactivation was 

stronger in response to noxious stimuli, although this difference did not reach statistical 

significance. Similarly, our study observed deactivation in the PFC under painful 

stimulation, with significantly greater deactivation compared to non-painful stimulation. 

Notably, we also observed activation in the PFC under non-painful stimulation when 

the left groin was stimulated, this activation was not statistically significant. This 

observation may be related to the lack of subdivision of the PFC, a point we discuss in 

more detail later. Regarding the deactivation of this region, we can attribute it to the 

default mode network (DMN). The DMN comprises interactive brain areas that tend to 

show reduced activity when individuals are engaged in external tasks that require 

attention (M. E. Raichle et al., 2001). This network primarily involves the following three 

areas: ventromedial PFC (vmPFC), dorsomedial PFC (dmPFC), the posterior cingulate 

cortex (PCC), adjacent precuneus and angular gyrus (M. E. Raichle, 2015). One study 

demonstrated that pain-induced DMN deactivation is less pronounced when 

individuals shift their thoughts away from pain (Kucyi, Salomons & Davis, 2013). 

Another study exploring the analgesic effect of cold therapy noted that the group with 

negative experiences reported less pain under cold compression conditions compared 

to the group with positive experiences. This difference may be attributed to participants 

in the positive experience group directing more attention to their pain, resulting in the 

deactivation of the inferior parietal lobule (Choi et al., 2022). Based on these 

observations, it is plausible to infer that as subjects receive different levels of electrical 

stimulation, higher stimulation intensities may lead to increased attention to pain, 

consequently resulting in more pronounced prefrontal cortex deactivation in the central 

region. Although no statistically significant differences were observed for the right groin 
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and left knee, a consistent pattern is evident in Fig. A-6 (b), which aligns with the 

significant findings from the left groin. Surprisingly, the results of stimulating the right 

knee in this study contradicted the hypothesis, revealing that prefrontal deactivation 

was more pronounced during non-painful stimulation. However, as shown in Fig.  A-6 

(a), deactivation appeared to be focused more in the central part of the PFC, while 

activation appeared to be more lateralized in the PFC during painful stimulation 

compared to the non-stimulation periods at this site. This observation would suggest 

that a finer subdivision of the PFC cortical surface in more targeted regions of interest. 

In an fMRI study, similar results were observed, indicating that individual differences 

in PFC activation during thermal stimulation of the lower leg in healthy individuals were 

localized near the lateral aspect of the superior frontal gyrus (Coghill et al., 2003). We 

can attribute this result to the regulation of the salience network (SN). The SN is a 

large-scale network in the human brain involved in detecting and filtering significant 

stimuli, as well as engaging related functional networks. It integrates sensory, 

emotional, and cognitive information for various complex functions, including 

communication and self-awareness (Menon & Uddin, 2010; Peters et al., 2016). 

Consequently, when exposed to painful stimulation, the SN potentially establishes a 

functional pathway for interaction between the lateral PFC and the “somatosensory 

network”, enabling their participation in sensory detection, as well as higher-level 

integration and regulatory processes (Peng et al., 2018). The outcomes of this study 

underscore the pivotal role of the prefrontal lobe in pain processing, suggesting that 

distinct regions within the prefrontal lobe exert varying regulatory influences on pain 

and sensory stimulation. 

Interestingly, compared to non-painful stimulation, different lower limb regions 

revealed contrasting activation patterns in the bilateral S1 cortex under the painful 

stimulation. In detail, when right knee painful stimulation was administered, the neuro-

metabolic activity of this brain region was significantly higher than that observed during 

non-painful stimulation. In contrast, the neuro-metabolic activity of the bilateral 

S1cortex was significantly lower during painful stimulation of the left groin compared 

to non-painful stimulation. The same activity pattern was observed in right S1 when 

painful stimulation was applied to the right groin. A prior meta-analytic study highlighted 

the activation of the sensory cortex in response to painful stimuli, employing various 

imaging modalities (Apkarian et al., 2005). Furthermore, it was observed that the S1 

cortex predominantly processes signals of pain (Vierck et al., 2013). These could 
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explain the observations when stimulating the right knee, but the results for the groin 

contradict these results. Although research on this specific site is limited, our further 

discussion of stimulation intensities across various body sites suggests that anatomical 

distinctions between the groin and knee may contribute to this outcome. Another study 

involving 15 healthy participants suggested that experimental groin pain may 

encompass the lower abdomen (Drew et al., 2017). Consequently, we can hypothesize 

that the distribution and conduction of pain in response to painful stimuli differ between 

the groin and the knee, leading to reduced sensory cortex activation during painful 

stimulation. Additionally, it is important to note that the observed differences in activity 

patterns do not directly reflect the effect of stimulation at different body sites globally, 

instead they reflect the specific interaction effect. Therefore, further research is needed 

to elucidate the underlying mechanism.  

In this study, it is evident that the stimulation intensity applied to the left groin was 

significantly higher than the one applied to the bilateral knees, indicating lower 

sensitivity to electrical stimulation at this body site. In the process of determining 

appropriate intensities for both painful and non-painful stimuli, we aimed to adjust 

stimulation intensities to elicit comparable perceived intensities across body sites. 

However, owing to the variability inherent in VAS ratings, our results revealed 

significant differences in the main effect across stimulated body sites when perception 

was assessed before and after the stimulation modality using the same VAS scale. 

Nevertheless, in the outcomes after multiple comparisons correction, no significant 

differences were observed among the four distinct body sites. Noteworthy, we 

observed a trend towards significance for higher ratings for the left knee in comparison 

to the right groin. One plausible explanation for these observations is that the knees 

exhibit a higher sensitivity compared to the groins. We assume that these differences 

may be attributed to variations in the related physiological and anatomical structures. 

The knee area contains a high concentration of nerve endings and a denser population 

of sensory neurons, rendering it more susceptible to irritation (Horner & Dellon, 1994). 

Additionally, nerves such as the femoral nerve, carry both sensory and motor signals 

and innervates the groin, front of the thigh, and knee regions. Specifically, the anterior 

branch of the femoral nerve, responsible for sensory innervation, supplies the anterior 

medial skin regions of the distal thigh and the knee, may play a role in this sensitivity 

(Kampitak et al., 2021). Therefore, we hypothesize that when stimulating the knee, due 

to the broader distribution of nerves in the knee area, including some passing through 
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the groin region, we observe increased sensitivity in the knee. However, this increased 

sensitivity does not imply a difference in pain perception between the left and right 

knee. Additionally, in our study, we did not specifically hypothesize a lateral difference 

in sensitivity, and the absence of such a difference in reported stimulation perception 

may be attributed to the balanced experimental design, which randomized the order of 

stimulation.  

This study has several limitations that should be acknowledged: (1) Limited age group: 

the participants recruited for this study were predominantly young individuals, 

averaging around 24 years of age. As a result, caution should be exercised when 

generalizing the findings of this study to different age groups. Additionally, we did not 

conduct a power calculation prior to recruitment. However, an a posteriori analysis 

indicated that our sample size of 16 participants provided approximately 80% power to 

detect large effect sizes (Cohen’s d=0.8) and around 50% power to detect medium 

effect sizes (Cohen’s d=0.5) at a significance level of 0.05. Future studies should 

conduct a power calculation prior to recruitment to ensure sufficient sample sizes. (2) 

Simplified analysis of fNIRS data: The analysis of our fNIRS data primarily relied on 

statistical analysis centered on beta values, focusing on spatial activation patterns. 

While this approach provides valuable insights, future research could benefit from 

incorporating time domain analysis techniques to delve deeper into cortical activation 

patterns and potential habituation effects when stimulating various lower limb regions. 

(3) Low spatial resolution: Given the spatial resolution limitations of fNIRS, the regional 

division method employed in this study and the use of average beta values may dilute 

localized effects and potentially reduce the overall effect. Future studies could address 

this issue by adopting finer regional divisions based on the framework established in 

this study or by focusing on representative individual channels for analysis. On the 

other hand, a channel-wise analysis of the hemodynamic responses would require 

additional measures to mitigate the risk of type I errors. (4) HbR concentration 

changes: The results obtained using the changes in concentration of HbR were not 

entirely consistent with those obtained with HbO2. The differences appear to rely on 

the biophysical modelling of the hemodynamic response of the two measures, which 

captures the two interconnected neuro-metabolic phenomena with different levels of 

sensitivity. Although an optimization of the HbR hemodynamic response would be 

required, this type of sensitivity analysis would entail additional investigations which 

are out of the scope of the present study. Nonetheless, this does not limit the validity 
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of the statistical inference carried out using HbO2 data. (5) Exclusion of scalp 

hemodynamics: given the scarcity of prior studies focusing on lower limb regions and 

the limitations of fNIRS monitoring depth, this study aimed to capture hemodynamics 

across the entire cortex of interest. Therefore, we did not employ short separation 

channels to monitor scalp hemodynamics. In future experiments, incorporating this 

technique could help mitigate the potential impact of painful stimulation on 

hemodynamics in the target cortex. These limitations provide valuable insights into 

areas for potential refinement and expansion in future research endeavors.  

In summary, our study demonstrates that stimulation at different lower limb regions 

does not significantly affect brain oxygen hemodynamic activity in healthy subjects 

subjected to acute electrical stimulation. However, the interaction of various factors, 

including stimulation site and intensity, plays a role in modulating brain activity, 

resulting in different activity patterns under specific stimulation modalities. This could 

be related to the brain activity of distinct regions within the PFC in response to painful 

stimulation, as well as the differential distribution and conduction of pain to the groin 

and knee. Additionally, our findings suggest that the knee exhibits greater sensitivity 

to sensory stimulation than the left groin. Consequently, our study contributes valuable 

evidence regarding the modulation of pain perception at the cortical level. Furthermore, 

it underscores the potential and feasibility of employing fNIRS to investigate pain 

mechanisms across diverse lower limb areas. 

4.2 Study 2 

Similarly to Study 1, this study aimed at comparing cortical hemodynamic response 

between pre-amputation patients and healthy controls in response to painful and non-

painful electrical stimulation applied to different lower limb sites. In addition, perception 

threshold, pain threshold, and pain tolerance were assessed and compared between 

the two groups. Furthermore, based on postoperative outcomes, patients were 

subdivided into those who developed PLP and those who did not. By comparing these 

subgroups with healthy controls, the study sought to identify potential neural predictors 

of PLP prior to amputation. 

The three-way ANOVA of the mean changes in HbO2 concentration revealed 

significant main effects of stimulation body sites, stimulation modalities, and groups. 

Regarding the interaction between groups and stimulation modalities, both painful and 
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non-painful electrical stimulation elicited an overall deactivation pattern, as reflected 

by decreased HbO2 levels. However, this decrease was less pronounced in the patient 

group compared to the healthy controls. Additionally, the ANOVA results for HbR 

showed that, under both painful and non-painful stimulation, the patient group exhibited 

significantly greater changes in HbR concentration than the control group. Notably, a 

significant three-way interaction was observed, with the most significant difference 

occurring under painful stimulation, with the patient group showing significantly higher 

HbR changes compared with the healthy control group, regardless of which lower limb 

site was stimulated. These findings, combined with the hemodynamic responses in 

each brain region (Figures B-8, B-9, B-S2-B-S7), may indicate that, prior to amputation, 

patients exhibited impaired neurovascular coupling (NVC) in response to external 

stimuli, as reflected by the reduced hemodynamic responses in the cortex and the 

increased oxygen demand during painful stimulation compared to healthy controls. 

Indeed, the patients in this study underwent amputation due to occlusive arterial 

disease, with 66.7% also diagnosed with diabetes mellitus. Existing studies have 

shown that NVC is impaired to varying degrees in both diabetic patients and those with 

peripheral arterial disease (PAD). For example, a cross-sectional study using fMRI to 

measure blood oxygen level-dependent responses to visuomotor stimulation in 

patients with early-stage diabetes found alterations in the hemodynamic response 

function, indicating impaired neurovascular coupling in the brain of diabetic patients 

(Duarte et al., 2015). In another study involving 11 PAD patients and 11 age- and sex-

matched healthy controls, fNIRS was used to assess NVC responses during a 

cognitive task (Owens et al., 2022). The results revealed a positive correlation between 

participants' microvascular endothelial function, neurovascular endothelial responses, 

and cognitive performance. Furthermore, PAD patients exhibited significantly impaired 

neurovascular endothelial responses and peripheral microvascular endothelial 

function compared to healthy controls. Diabetes mellitus can induce widespread 

structural and functional abnormalities in the cerebral microvasculature, including 

endothelial dysfunction, increased capillary permeability, impaired integrity of the 

blood–brain barrier, and reduced capacity for cerebral autoregulation (Feng & Gao, 

2024; Starr et al., 2003; Yang et al., 2024). Lower extremity occlusive arterial disease 

is also associated with reduced blood flow and impaired tissue perfusion (Normahani 

et al., 2021). Therefore, considering the long-term effects of these two diseases on 

both systemic and cerebral vascular systems, patients may already exhibit underlying 
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impairments in neural regulation and cerebral blood flow even before amputation. 

These alterations interfere with neurovascular responses to neuronal activity, thereby 

attenuating the magnitude of stimulus-evoked changes in HbO2 concentrations. 

Moreover, an animal study demonstrated that, compared to the neocortex, the 

hippocampus exhibits lower blood flow, reduced oxygen saturation, and diminished 

neurovascular coupling. Oxygen diffusion modeling further indicated that these 

structural and functional characteristics limit oxygen availability, rendering the 

hippocampus highly susceptible to hypoxic conditions. Under insufficient oxygen 

supply, increased metabolic demand leads to enhanced oxygen extraction, reflected 

by a relative increase in HbR concentration (Shaw et al., 2021). Consistent with these 

findings, our study observed a more pronounced HbR increase in patients during non-

painful stimulation, suggesting that even under low-demand conditions, cortical 

regions fail to generate an adequate vascular response. This further supports the 

notion of impaired vascular reactivity and disrupted neurovascular coupling in these 

patients.  

In this study, during painful stimulation of the right groin, patients exhibited significantly 

higher HbR concentrations of in the right frontal (RF) and left central (LC) regions 

compared to healthy controls. According to the location information of the fNIRS 

channels (Table B-S1), the RF region primarily corresponds to the right dorsolateral 

prefrontal cortex (DLPFC), while the LC region mainly covers the left primary 

somatosensory cortex (S1) and left motor cortex, particularly Brodmann areas 4 (BA 

4) and 6 (BA 6). In neuroimaging studies, DLPFC is thought to be involved in the 

processing of noxious stimuli and the modulation of pain (Seminowicz & Moayedi, 

2017). Although its precise role remains unclear, existing studies suggest that the 

DLPFC may contribute to the cognitive and emotional regulation of pain and may also 

be associated with pain sensitization processes (Lorenz et al., 2002, 2003; Petrovic et 

al., 2010). Furthermore, an fMRI study employing thermal stimulation on the dorsum 

of the foot revealed, through dynamic causal modeling, that the influence of the right 

DLPFC increased during painful stimulation, suggesting that the right DLPFC may play 

a more critical modulatory role in pain processing (Sevel et al., 2016). In addition, as 

discussed in study 1, the S1 cortex plays an important role in pain processing. BA 4 

and 6 are traditionally known for their involvement in voluntary motor execution and 

the planning and coordination of complex movements (Donoghue & Sanes, 1994; 

Manthey et al., 2003; Sharma et al., 2008). However, many studies suggest that these 
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motor cortices are also closely linked to pain processing. For example, a quantitative 

EEG study on focused muscle contraction therapy found abnormal baseline activity in 

BA 4 and 9, after six months of treatment, none of the participants exhibited clinically 

significant activity in these areas, suggesting a potential association between BA 4 and 

chronic pain (N. Cohen et al., 2022). Furthermore, another study have shown that BA 

6 is activated by various noxious stimuli, and in most experimental paradigms, the BA 

6 responds to pain bilaterally (Casey, 1999). Moreover, previous studies have 

indicated that pain processing involves a widely distributed and bilaterally engaged 

neural network, including bilateral regions such as the cerebellum, thalamus, insula, 

anterior cingulate cortex, and secondary somatosensory cortex, as well as the 

contralateral S1 and supplementary motor area (SMA) (Coghill et al., 1999). However, 

in the present study, during painful stimulation of the right groin, a significant increase 

in HbR concentration was observed only in the left sensorimotor cortex of patients 

compared to healthy controls, with no significant changes detected on the right side. 

Additionally, during non-painful stimulation of the right knee, patients showed a higher 

mean HbR concentration in the right centro-parietal region, which primarily includes 

the S1 cortex, compared to healthy controls. These findings suggest that although pain 

processing generally involves integration across multiple brain regions, the DLPFC and 

S1 cortex may play a more prominent role in pain modulation in patients awaiting lower 

limb amputation. It is noteworthy that no corresponding significant findings were 

observed at the HbO2 level in this study. This may be attributable to impaired 

neurovascular coupling in these patients. The pain stimulation increases the brain’s 

oxygen demand; however, reduced cerebral blood flow in patients may compromise 

compensatory mechanisms, leading to elevated HbR concentrations without 

corresponding changes in HbO2 signals (Hoshi et al., 2001b). Interestingly, this study 

did not observe significant differences across brain regions during stimulation of the 

left groin and left knee. This finding is inconsistent with previous studies, particularly 

considering that all participants included in the statistical analysis were right-handed. 

Prior research, by applying different levels of sensory stimulation on/near the left and 

right hands, found that for right-handed people, subjective pain perception and brain 

activation to painful stimuli were more easily detected when the non-dominant hand of 

the body (left side) was stimulated compared to the dominant hand (right side) (H. 

Zhang et al., 2021). However, studies specifically investigating pain in the groin and 

knee regions remain limited. Notably, the patients in the present study were unique in 
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that they reported pain corresponding to their planned amputation sites. Therefore, the 

cortical mechanisms underlying pain processing in patients awaiting amputation still 

need further investigation. 

According to the demographic information, patients exhibited significantly higher 

scores in pain severity on the MPI scale compared to healthy controls. Most patients 

reported pain predominantly localized to the limb or region scheduled for amputation, 

which is likely related to their underlying condition. Severe PAD can present as critical 

limb ischemia, typically characterized by rest pain and/or ischemic skin lesions such 

as gangrene or ulcers (Behroozian & Beckman, 2020). Rest pain often occurs at night 

or when lying down, manifesting as persistent pain in the foot, indicating severe tissue 

hypoxia due to inadequate blood supply (Ouriel, 2001b). In patients with diabetes, 

ischemic pain caused by arterial insufficiency is often accompanied by peripheral 

neuropathy, which can further intensify pain perception or lead to sensory disturbances 

(Ram et al., 1991). Studies have shown that PAD in individuals with diabetes is more 

likely to progress to severe ischemia, chronic ulcers, and infections, significantly 

increasing the risk of amputation (Barnes et al., 2020; Lang et al., 2006). Interestingly, 

the results from both stimulation thresholds and stimulation intensity assessments 

showed that patients exhibited a notably higher pain tolerance compared to healthy 

controls. The painful stimulation intensities used in fNIRS measurements were also 

significantly higher for the patient group. A similar study employing electrical 

stimulation found that diabetic patients, especially those with neuropathy, 

demonstrated significantly higher pain thresholds and tolerance in both upper and 

lower limbs, suggesting a blunted response to painful stimuli (Telli & Cavlak, 2006). 

This aligns broadly with our findings; although no statistically significant difference was 

observed between groups in our study, the average pain threshold in patients was still 

higher than that in healthy controls. This may be related to structural, metabolic, and 

functional abnormalities in peripheral nerves and/or limited statistical power due to the 

small sample size. PAD can lead to chronic ischemia of the lower limbs, resulting in 

prolonged insufficient blood supply to nerve tissue, which in turn causes nerve fiber 

degeneration, demyelination, and axonal damage (McDermott et al., 2006). Clinically, 

this manifests as sensory loss, pain, numbness, and other symptoms of peripheral 

neuropathy. Diabetic neuropathy often coexists with PAD, further reducing pain 

sensitivity and leading patients to overlook early ischemic symptoms (Petropoulos et 

al., 2010). As a result, medical attention is often only sought after severe complications 
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have developed, ultimately increasing the risk of amputation. In addition, diabetic 

peripheral neuropathy is frequently characterized by reduced nerve conduction 

velocity, sensory abnormalities, and either painful or painless ulcers (P. Sun et al., 

2015). Chronic hyperglycemia in diabetes can also trigger microvascular complications, 

impairing blood supply to nerves and causing further nerve tissue damage (Di Carli et 

al., 2003; Jonas et al., 1999). Additionally, this study did not reveal any significant 

differences in VAS scores across different time points during the experiment, 

suggesting that the participants did not exhibit habituation to the stimuli. 

In this study, we further explored the differences among the PLP group, the non-PLP 

group, and healthy controls in terms of basic characteristics, stimulation thresholds, 

stimulation intensities used during the experiment, and cortical responses to painful 

and non-painful stimuli applied to different lower limb regions prior to amputation. 

Consistent with previous findings, the primary differences in stimulation thresholds and 

stimulus intensities were observed between patients and healthy controls. There is no 

difference between the PLP groups and the non-PLP group. However, it is noteworthy 

that even before amputation, the PLP group showed significantly different cortical 

responses to both painful and non-painful stimuli compared to the non-PLP group and 

healthy controls. In detail, during non-painful stimulation of the groin on the side to be 

amputated, HbO2 levels in the PLP group were significantly higher than those in the 

other two groups. Moreover, during painful stimulation of both the groin and the knee 

on the amputation side, HbR levels in the PLP group were markedly increased. These 

findings indicate that patients who later developed PLP may have exhibited enhanced 

cortical activation prior to amputation. Based on previous research into the 

mechanisms underlying PLP, we hypothesize that the phenomena observed in this 

study may be associated with preoperative central excitability in patients who later 

developed PLP. A systematic review has indicated that PLP patients often exhibit 

hyperexcitability in the cerebral cortex, particularly in the sensorimotor areas, and such 

cortical excitability changes are considered one of the key central mechanisms 

contributing to the development of PLP (Garcia-Pallero et al., 2022). PLP is associated 

with maladaptive reorganization of the sensorimotor cortex, reflected in impaired 

intracortical inhibition and an altered balance of inhibitory and excitatory 

neurotransmitters such as gamma-aminobutyric acid and glutamate, resulting in 

heightened corticospinal excitability (Akhlaghdoust et al., 2023). Additionally, another 

systematic review focusing on the use of repetitive transcranial magnetic stimulation 
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for the treatment of PLP suggests that repetitive transcranial magnetic stimulation can 

alleviate both painful and non-painful phantom phenomena by affecting cortical 

excitability, with stimulation of the contralateral parietal or motor cortex showing 

significant clinical improvement in PLP symptoms (Nardone et al., 2019b). However, 

these studies have been conducted exclusively in post-amputation populations, and 

there is currently a lack of sufficient pre-amputation neuroimaging evidence to support 

the findings of the present study. Therefore, our hypothesis remains preliminary and 

requires further investigation. Moreover, in our exploratory analysis of different cortical 

regions, we found that only during painful stimulation of the knee of the non-amputated 

side did the non-PLP group show significantly greater average HbR changes in the 

ipsilateral frontal and contralateral fronto-central regions compared to both the PLP 

and healthy control groups. No significant differences were observed in response to 

stimulation on the amputated side, making it difficult to further interpret the findings 

observed at the global level. This may be partly attributable to the small sample size 

and large inter-individual variability in our study. Future studies with larger sample 

sizes and prospective neuroimaging designs are warranted to further explore whether 

patients with PLP already have altered cortical function prior to amputation. 

Despite the preliminary findings of this study in revealing differences between lower 

limb amputees and healthy controls, as well as providing initial evidence for a potential 

association between pre-amputation cortical activity and the subsequent development 

of PLP, several limitations should be acknowledged and addressed in future research. 

First, the relatively small sample size in this study, particularly in subgroup analyses 

between PLP and non-PLP patients, may have limited the statistical power and 

increased susceptibility to individual variability. In addition, due to the specific nature 

of the patient population, recruitment and experimental procedures posed practical 

challenges, and some participants were unable to complete measurements at all 

designated body sites. Future studies could refine the experimental design based on 

these findings to improve data completeness and comparability. Second, this study 

employed a cross-sectional design, assessing only pre-amputation neuroimaging 

features; thus, causal inferences between cortical changes and PLP onset cannot be 

drawn. Longitudinal studies with postoperative follow-ups are warranted to validate the 

proposed mechanisms. Moreover, detailed medical information regarding patients' 

underlying conditions (e.g., diabetes, arteriosclerosis) was not included in this study, 

making it difficult to assess whether the severity of these comorbidities or vascular 
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status contributed to the observed cortical responses. From a technical perspective, 

while fNIRS offers the advantages of being non-invasive and portable, it has limited 

spatial resolution and insufficient penetration depth, which may restrict its ability to 

capture activity in deeper brain structures involved in pain processing. Future studies 

can build on this study and combine fMRI or other brain imaging equipment to explore 

the brain activity of lower limb amputees before amputation. Finally, due to the 

generally poor physical condition of the patients before amputation and the limited time 

to participate in the experiment, most patients were unable to participate in 

psychological assessments during the experimental phase. Therefore, this study did 

not systematically evaluate or control for psychological variables such as anxiety and 

depression, although these factors may influence pain perception, cortical activation 

and occurrence of PLP. Future research should aim to expand the sample size, 

optimize the study design, and incorporate comprehensive clinical, behavioral, and 

psychological assessments to more fully elucidate the central mechanisms of PLP and 

identify potential preoperative predictors. 

In summary, this study investigated pain perception and cortical functional 

characteristics in lower limb amputees prior to surgery, and further analyzed their 

potential association with the development of post-amputation PLP. The results 

showed that amputees exhibited higher pain tolerance and painful stimulation intensity 

before the amputation, which may be related to peripheral nerve damage caused by 

the underlying disease. Meanwhile, cortical functional alterations suggested that 

neurovascular coupling might be impaired in the patient group. The DLPFC and 

sensorimotor cortex may play a more prominent role in pain modulation in patients 

awaiting lower limb amputation. Further subgroup analysis indicated that the 

occurrence of PLP might be associated with preoperative central excitability; however, 

the underlying mechanisms require further elucidation. This study provides preliminary 

clues for predicting the relationship between cerebral cortical changes and PLP 

formation in patients with lower limb amputation before amputation. At the same time, 

the results also provide new evidence for the possible reduced cerebral blood flow and 

abnormal neurovascular coupling function in patients with occlusive vascular disease. 

In addition, this study further verifies the potential application of fNIRS in exploring the 

mechanism of lower limb amputation and PLP. 
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4.3 Conclusion  

These two studies employed fNIRS to systematically investigate cortical responses to 

electrical stimulation applied to the lower limbs, extending the scope from healthy 

individuals to lower limb amputees. The primary aim was to explore the preoperative 

cortical functional characteristics and their potential association with the development 

of PLP after amputation.  

In healthy participants, although electrical stimulation at different lower limb sites did 

not elicit significant differences in cortical hemodynamic responses, the significant 

interactions were observed among stimulation site, stimulation modality, and brain 

region. Additionally, the perceived stimulation intensity at the knees was significantly 

lower than that at the groin. These findings suggest that pain processing in the brain 

is modulated by multiple factors. Specifically, compared to non-painful stimulation, 

neuro-metabolic activity in the prefrontal and bilateral primary somatosensory cortices 

decreased with painful stimulation of the left groin, whereas neuro-metabolic activity 

increased with painful stimulation of the right knee. These findings highlight the 

potential and feasibility of using fNIRS to study pain mechanisms associated with 

stimulation of different lower limb regions. Therefore, these results lay an important 

foundation for subsequent clinical investigations.  

In the clinical cohort, amputees exhibited higher pain tolerance and higher painful 

intensity prior to surgery, likely due to peripheral neuropathic damage caused by 

underlying diseases. Cortical hemodynamic responses indicated neurovascular 

coupling might be impaired and declined cerebral blood flow in the patient group, with 

the dorsolateral prefrontal cortex and sensorimotor cortex playing prominent roles 

during pain processing. Further subgroup analysis suggested that the abnormal 

increase in central excitability observed before amputation in patients who later 

developed PLP may have contributed to its onset. These findings offer preliminary 

insights for future studies aimed at preoperative prediction of PLP. 

In conclusion, these two studies involving healthy individuals and lower limb amputees 

demonstrate the feasibility and potential of fNIRS in investigating the neural 

mechanisms underlying lower limb pain. Moreover, the findings provide new insights 

into the development of PLP, suggesting that alterations in cortical activity may already 

be present prior to amputation in patients who later develop PLP. 
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5 SUMMARY 

The pathogenesis of phantom limb pain (PLP) remains a key focus in current pain 

research. However, investigations into cortical activity prior to amputation are still 

limited. The present research employed functional near-infrared spectroscopy (fNIRS) 

to examine cortical responses to painful and non-painful stimulation at different lower 

limb sites in both healthy individuals and pre-amputation patients. 

Study 1 assessed 16 healthy participants and observe brain changes in 

oxyhemoglobin levels (HbO2) during painful and non-painful electrical stimulation of 

various lower limb sites. The results indicated no significant main effect of stimulation 

site on cortical HbO2 activity. However, significant interactions were observed among 

stimulation site, stimulation modality, and brain region. Specifically, painful stimulation 

to the left groin led to reduced neuro-metabolic activity in the prefrontal cortex and 

bilateral primary somatosensory cortex compared to non-painful stimulation, whereas 

painful stimulation to the right knee resulted in increased activity. These findings 

highlight the feasibility and potential of fNIRS in investigating pain mechanisms 

associated with stimulation of distinct lower limb regions. 

Study 2 included 21 lower limb amputees and 10 healthy controls and explored 

differences between two groups in sensory thresholds and cortical activation patterns. 

Pre-amputation patients exhibited significantly higher pain tolerance thresholds, 

potentially due to peripheral nerve damage associated with underlying pathologies. 

Furthermore, compared to healthy controls, altered global hemodynamic responses in 

the patient group suggested impaired neurovascular coupling and reduced cerebral 

blood flow, with the dorsolateral prefrontal cortex and sensorimotor cortex being 

implicated in pain processing. Subgroup analyses revealed that patients who later 

developed PLP showed significantly elevated hemodynamic responses to the painful 

stimulation on the amputated side preoperatively, suggesting increased central 

excitability may contribute to PLP onset. However, the precise mechanisms remain to 

be fully elucidated. 

Taken together, both studies emphasize the key role of cortical activity in lower limb 

pain processing and the impact of the interaction between different factors on 

hemodynamic response. These findings also demonstrate the feasibility and potential 

of fNIRS in investigating the neural mechanisms underlying lower limb pain. 
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7 APPENDIX 

Supplementary Table A-1 

Descriptive statistics and normality test results of stimulation intensities with a unit of 

milliamps (mA) over the two stimulation modalities and four different body sites. 

 
Note: Number represents sample sizes; SD means Standard deviation; Normality Test represents the 
result from Shapiro-Wilk normality test. 

Supplementary Table A-2  

Post-hoc multiple comparisons between the stimulation intensity of each body site. 
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Supplementary Table A-3  

Descriptive statistics and normality test results of VAS ratings (ranging from “No 

sensation” to “Extreme pain,” with values from 0 to 100) over the two stimulation 

modalities, two time points and four different body sites. 

 
Note: Number represents sample sizes; SD means Standard deviation; Normality Test represents the 
result from Shapiro-Wilk normality test. 

Supplementary Table A-4  

Post-hoc multiple comparisons between the VAS ratings of each body site. 
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Supplementary Table A-5 

Descriptive statistics and normality test results of β values (HbO2) over the two 

stimulation modalities, four different body sites and three brain regions. 
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Note: Number represents sample sizes; SD means Standard deviation; Normality Test represents the 
result from Shapiro-Wilk normality test. 

Supplementary Table A-6 

Table for β values (HbO2). Repeated-measures analysis of variance (ANOVA) with 

factors body sites, stimulation modality (non-painful, painful), brain groin (left S1, right 

S1 and PFC). 
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Note: Df means degree of freedom. 

Supplementary Table A-7  

Post-hoc multiple comparisons between the β values (HbO2) of each brain region. 

 

Supplementary Table A-8  

Post-hoc multiple comparisons between the β values (HbO2) of different brain regions 

when stimulating different body sites. 
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Note: SD means Standard deviation. Bold p-values indicate statistical significance after controlling for 
false discovery rate (FDR). 

Supplementary Figure A-1 

Topographic brain activity and group-averaged β value comparisons across body site 

Stimulations. 

 
Notes: (a) Topographic images of group-averaged cortical deactivations and/or activations (HbR) during 
non-painful and painful stimulation modalities given on each body site. (b) Comparisons of the group-
averaged β values (HbR) of different brain regions when stimulating different body sites. The pink bar 
represents the painful stimuli, and the blue bar represents the non-painful stimuli. Left S1 means left 
primary somatosensory area, right S1 means right primary somatosensory area, and PFC means 
prefrontal area. Error bars represent the standard error of the mean. (*= p<0.05, **= p<0.01 and ***= 
p<0.001). 
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Supplementary Table A-9  

Comparisons of the group-averaged β values (HbR) of different brain regions when 

stimulating different body sites. 

 
Note: SD means Standard deviation. Bold p-values indicate statistical significance after controlling for 
false discovery rate (FDR). 

Supplementary Table A-10 

Channel location and β values (HbO2) for per channel. 
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Table A-10. Channel location and β values (HbO2) for per channel (continued). 

 
Note: X, Y, Z coordinates refer to the spatial locations in the brain based on the MNI coordinate system. 
Landmark represents the Brodmann area (1, 2, 3 - Primary Somatosensory Cortex; 4 - Primary Motor 
Cortex; 5, 7 - Somatosensory Association Cortex; 6 - Pre-Motor and Supplementary Motor Cortex; 8 - 
Includes Frontal eye fields; 9 - Dorsolateral prefrontal cortex; 10 - Frontopolar area; 11 - Orbitofrontal 
area; 22 - Superior Temporal Gyrus; 32 - Dorsal anterior cingulate cortex; 40 - Supramarginal gyrus part 



 

 
112 

of Wernicke's area; 42 - Primary and Auditory Association Cortex; 43 - Subcentral area; 44 - pars 
opercularis, part of Broca's area; 45 - pars triangularis Broca's area; 46 - Dorsolateral prefrontal cortex; 
47 - Inferior prefrontal gyrus; 48 - Retrosubicular area). β values (np) means the β values for the non-
painful stimulation modality; β values (p) means the β values for the painful stimulation modality. 

Supplementary Table B-1 

The detailed information for each channel. 
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Table B-S1: The detailed information for each channel (continued) 
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Table B-S1: The detailed information for each channel (continued) 

 
Note: X, Y, Z coordinates refer to the spatial locations in the brain based on the MNI coordinate system. 

Supplementary Figure B-1 

Percentage of data retained for analysis across experimental conditions. 
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Note: The figure shows the proportion of channels that met the quality criteria and were included in the 
final statistical analysis (HC: healthy control group; Patient: patients group; lg: left groin; rg: right groin; 
lk: left knee; rk: right knee). 

Supplementary Table B-2 

 Descriptive statistics and normality test results of stimulation values with a unit of 

milliamps (mA) over the three stimulation thresholds, two groups and four different 

body sites. 
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Note: Number represents sample sizes; SD means Standard deviation; Normality Test represents the 
result from Shapiro-Wilk normality test. 

Supplementary Table B-3 

Post-hoc multiple comparisons among the stimulation value (mA) of different 

thresholds when stimulating different groups. 
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Note: Bold p-values indicate statistical significance after controlling for Tukey - Kramer test. 

Supplementary Table B-4  

Descriptive statistics and normality test results of stimulation intensities with a unit of 

milliamps (mA) over the two stimulation modalities, two groups and four different body 

sites. 

 
Note: Number represents sample sizes; SD means Standard deviation; Normality Test represents the 
result from Shapiro-Wilk normality test. 
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Supplementary Table B-5. 

 Post-hoc multiple comparisons among the stimulation intensity (mA) of different 

modalities when stimulating different groups. 

 
Note: Bold p-values indicate statistical significance after controlling for Tukey - Kramer test. 

Supplementary Table B-6 

Post-hoc multiple comparisons among the stimulation intensity (mA) of different body 

sites when stimulating different groups. 

 

Supplementary Table B-7 

 Descriptive statistics and normality test results of VAS rating over the two stimulation 

modalities, two groups, four different body sites and three time points. 
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Note: Number represents sample sizes; SD means Standard deviation; Normality Test represents the 
result from Shapiro-Wilk normality test. 

Supplementary Table B-8  

Descriptive statistics and normality test results of the mean change in oxyhemoglobin 

concentration (mol) over over the two groups, the two stimulation modalities and the 

four body sites. 
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Note: Number represents sample sizes; SD means Standard deviation; Normality Test represents the 
result from Shapiro-Wilk normality test. 

Supplementary Table B-9 

Post-hoc multiple comparisons among the mean change in oxyhemoglobin 

concentration (mol) of different stimulation modalities when stimulating different 

groups. 

 
Note: Bold p-values indicate statistical significance after controlling for Tukey - Kramer test. 

Supplementary Table B-10 

 Post-hoc multiple comparisons among the mean change in oxyhemoglobin 

concentration (mol) of different body sites when stimulating different groups. 
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Note: Bold p-values indicate statistical significance after controlling for Tukey - Kramer test. 

Supplementary Table B-11 

Descriptive statistics and normality test results of the mean change in 

deoxyhemoglobin concentration (mol) over over the two groups, the two stimulation 

modalities and the four body sites. 

 
Note: Number represents sample sizes; SD means Standard deviation; Normality Test represents the 
result from Shapiro-Wilk normality test. 

Supplementary Table B-12 
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Post-hoc multiple comparisons of mean changes in deoxyhemoglobin concentration 

(mol) across different stimulation modalities, body sites, and groups. 

 
Note: Bold p-values indicate statistical significance after controlling for Tukey - Kramer test. 

Supplementary Table B-13 

Between-group comparisons of HbR concentration changes across cortical regions 

under right groin stimulation. 



 

 
123 

 
Notes: PF: fronto-polar area; AF: anterior frontal area; LAF: left anterior frontal area; RAF: right anterior 
frontal area; F: frontal area; LF: left frontal area; RF: right frontal area; FC: fronto-central area; LFC: left 
fronto-central area; RFC: right fronto-central area; C: central area; LC: left central area; RC: right central 
area; CP: centro-parietal area; LCP: left centro-parietal area; RCP: right centro-parietal area; P: parietal 
area; HC: healthy control group; Patient: patient group. Bolded p-values indicate significance after FDR 
correction. 

Supplementary Table B-14 

Between-group comparisons of HbR concentration changes across cortical regions 

under right knee stimulation. 

 
Notes: PF: fronto-polar area; AF: anterior frontal area; LAF: left anterior frontal area; RAF: right anterior 
frontal area; F: frontal area; LF: left frontal area; RF: right frontal area; FC: fronto-central area; LFC: left 
fronto-central area; RFC: right fronto-central area; C: central area; LC: left central area; RC: right central 
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area; CP: centro-parietal area; LCP: left centro-parietal area; RCP: right centro-parietal area; P: parietal 
area; HC: healthy control group; Patient: patient group. Bolded p-values indicate significance after FDR 
correction. 

Supplementary Table B-15 

Between-group comparisons of HbR concentration changes across cortical regions 

under left groin stimulation. 

 
Notes: PF: fronto-polar area; AF: anterior frontal area; LAF: left anterior frontal area; RAF: right anterior 
frontal area; F: frontal area; LF: left frontal area; RF: right frontal area; FC: fronto-central area; LFC: left 
fronto-central area; RFC: right fronto-central area; C: central area; LC: left central area; RC: right central 
area; CP: centro-parietal area; LCP: left centro-parietal area; RCP: right centro-parietal area; P: parietal 
area; HC: healthy control group; Patient: patient group. 

Supplementary Table B-16  

Between-group comparisons of HbR concentration changes across cortical regions 

under left knee stimulation. 
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Note: PF: fronto-polar area; AF: anterior frontal area; LAF: left anterior frontal area; RAF: right anterior 
frontal area; F: frontal area; LF: left frontal area; RF: right frontal area; FC: fronto-central area; LFC: left 
fronto-central area; RFC: right fronto-central area; C: central area; LC: left central area; RC: right central 
area; CP: centro-parietal area; LCP: left centro-parietal area; RCP: right centro-parietal area; P: parietal 
area; HC: healthy control group; Patient: patient group. 

Supplementary Table B-17 

Between-group comparisons of HbO2 concentration changes across cortical regions 

under left groin stimulation. 

 
Note: PF: fronto-polar area; AF: anterior frontal area; LAF: left anterior frontal area; RAF: right anterior 
frontal area; F: frontal area; LF: left frontal area; RF: right frontal area; FC: fronto-central area; LFC: left 
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fronto-central area; RFC: right fronto-central area; C: central area; LC: left central area; RC: right central 
area; CP: centro-parietal area; LCP: left centro-parietal area; RCP: right centro-parietal area; P: parietal 
area; HC: healthy control group; Patient: patient group. 

Supplementary Table B-18 

Between-group comparisons of HbO2 concentration changes across cortical regions 

under right groin stimulation. 

 
Note: PF: fronto-polar area; AF: anterior frontal area; LAF: left anterior frontal area; RAF: right anterior 
frontal area; F: frontal area; LF: left frontal area; RF: right frontal area; FC: fronto-central area; LFC: left 
fronto-central area; RFC: right fronto-central area; C: central area; LC: left central area; RC: right central 
area; CP: centro-parietal area; LCP: left centro-parietal area; RCP: right centro-parietal area; P: parietal 
area; HC: healthy control group; Patient: patient group. 

Supplementary Table B-19 

Between-group comparisons of HbO2 concentration changes across cortical regions 

under left knee stimulation. 
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Note: PF: fronto-polar area; AF: anterior frontal area; LAF: left anterior frontal area; RAF: right anterior 
frontal area; F: frontal area; LF: left frontal area; RF: right frontal area; FC: fronto-central area; LFC: left 
fronto-central area; RFC: right fronto-central area; C: central area; LC: left central area; RC: right central 
area; CP: centro-parietal area; LCP: left centro-parietal area; RCP: right centro-parietal area; P: parietal 
area; HC: healthy control group; Patient: patient group. 

Supplementary Table B-20  

Between-group comparisons of HbO2 concentration changes across cortical regions 

under right knee stimulation. 

 
Note: PF: fronto-polar area; AF: anterior frontal area; LAF: left anterior frontal area; RAF: right anterior 
frontal area; F: frontal area; LF: left frontal area; RF: right frontal area; FC: fronto-central area; LFC: left 
fronto-central area; RFC: right fronto-central area; C: central area; LC: left central area; RC: right central 
area; CP: centro-parietal area; LCP: left centro-parietal area; RCP: right centro-parietal area; P: parietal 
area; HC: healthy control group; Patient: patient group. 
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Supplementary Table B-21 

Post-hoc multiple comparisons among the pain severity value of different groups. 

 

Supplementary Table B-22 

Descriptive statistics and normality test results of stimulation values with a unit of 

milliamps (mA) over the three stimulation thresholds, three groups and four different 

body sites. 
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Note: Number represents sample sizes; SD means Standard deviation; Normality Test represents the 
result from Shapiro-Wilk normality test. 

Supplementary Table B-23 

Post-hoc multiple comparisons among the stimulation value of different thresholds 

when stimulating different groups. 

 
Note: Bold p-values indicate statistical significance after controlling for Tukey - Kramer test. 

Supplementary Table B-24 

Descriptive statistics and normality test results of stimulation intensities with a unit of 

milliamps (mA) over the two stimulation modalities, three groups and four different 

body sites. 
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Note: Number represents sample sizes; SD means Standard deviation; Normality Test represents the 
result from Shapiro-Wilk normality test. 

Supplementary Table B-25  

Post-hoc multiple comparisons among the stimulation intensity of different modalities 

when stimulating different groups. 

 
Note: Bold p-values indicate statistical significance after controlling for Tukey - Kramer test. 

Supplementary Table B-26  
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Descriptive statistics and normality test results of the mean change in oxyhemoglobin 

concentration (mol) over the three groups, the two stimulation modalities and the four 

body sites. 

 
Note: Number represents sample sizes; SD means Standard deviation; Normality Test represents the 
result from Shapiro-Wilk normality test. 

Supplementary Table B-27  

Post-hoc multiple comparisons of mean changes in oxyhemoglobin concentration 

(mol) across different stimulation modalities, body sites, and groups. 
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Note: Ag: groin on the amputated side; nag: groin on the non-amputation side; ak: knee on the 
amputated side; nak: knee on the non-amputation side; nPLP: non-phantom limb pain patient group; 
PLP: phantom limb pain patient group; HC: healthy control group; bold p-values indicate statistical 
significance after controlling for Tukey - Kramer test. 
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Supplementary Table B-28 

Descriptive statistics and normality test results of the mean change in 

deoxyhemoglobin concentration (mol) over the three groups, the two stimulation 

modalities and the four body sites. 

 
Note: Number represents sample sizes; SD means Standard deviation; Normality Test represents the 
result from Shapiro-Wilk normality test. 

Supplementary Table B-29 

Post-hoc multiple comparisons of mean changes in oxyhemoglobin concentration 

(mol) across different stimulation modalities, body sites, and groups. 
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Note: Ag: groin on the amputated side; nag: groin on the non-amputation side; ak: knee on the 
amputated side; nak: knee on the non-amputation side; nPLP: non-phantom limb pain patient group; 
PLP: phantom limb pain patient group; HC: healthy control group; bold p-values indicate statistical 
significance after controlling for Tukey - Kramer test. 

Supplementary Table B-30 

Between-group comparisons of HbR concentration changes across cortical regions 

under non-amputation side knee stimulation. 

 
Note: PF: fronto-polar area; AF: anterior frontal area; IAF: ipsilateral anterior frontal area; CAF: 
contralateral anterior frontal area; F: frontal area; IF: ipsilateral frontal area; CF: contralateral frontal 
area; FC: fronto-central area; IFC: ipsilateral fronto-central area; CFC: contralateral fronto-central area; 
C: central area; IC: ipsilateral central area; CC: contralateral central area; CP: centro-parietal area; ICP: 
ipsilateral centro-parietal area; CCP: contralateral centro-parietal area; P: parietal area; HC: healthy 
control group; NPLP: non-phantom limb pain patient group; PLP: phantom limb pain patient group; HC: 
healthy control. Bolded p-values indicate significance after FDR correction. 

Supplementary Table B-31 

Between-group comparisons of HbR concentration changes across cortical regions 

under amputation side groin stimulation. 
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Note: PF: fronto-polar area; AF: anterior frontal area; IAF: ipsilateral anterior frontal area; CAF: 
contralateral anterior frontal area; F: frontal area; IF: ipsilateral frontal area; CF: contralateral frontal 
area; FC: fronto-central area; IFC: ipsilateral fronto-central area; CFC: contralateral fronto-central area; 
C: central area; IC: ipsilateral central area; CC: contralateral central area; CP: centro-parietal area; ICP: 
ipsilateral centro-parietal area; CCP: contralateral centro-parietal area; P: parietal area; HC: healthy 
control group; NPLP: non-phantom limb pain patient group; PLP: phantom limb pain patient group; HC: 
healthy control.  

Supplementary Table B-32 

Between-group comparisons of HbR concentration changes across cortical regions 

under non-amputation side groin stimulation. 

 
Note: PF: fronto-polar area; AF: anterior frontal area; IAF: ipsilateral anterior frontal area; CAF: 
contralateral anterior frontal area; F: frontal area; IF: ipsilateral frontal area; CF: contralateral frontal 
area; FC: fronto-central area; IFC: ipsilateral fronto-central area; CFC: contralateral fronto-central area; 
C: central area; IC: ipsilateral central area; CC: contralateral central area; CP: centro-parietal area; ICP: 
ipsilateral centro-parietal area; CCP: contralateral centro-parietal area; P: parietal area; HC: healthy 
control group; NPLP: non-phantom limb pain patient group; PLP: phantom limb pain patient group; HC: 
healthy control. 

Supplementary Table B-33 
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Between-group comparisons of HbR concentration changes across cortical regions 

under amputation side knee stimulation. 

 
Note: PF: fronto-polar area; AF: anterior frontal area; IAF: ipsilateral anterior frontal area; CAF: 
contralateral anterior frontal area; F: frontal area; IF: ipsilateral frontal area; CF: contralateral frontal 
area; FC: fronto-central area; IFC: ipsilateral fronto-central area; CFC: contralateral fronto-central area; 
C: central area; IC: ipsilateral central area; CC: contralateral central area; CP: centro-parietal area; ICP: 
ipsilateral centro-parietal area; CCP: contralateral centro-parietal area; P: parietal area; HC: healthy 
control group; NPLP: non-phantom limb pain patient group; PLP: phantom limb pain patient group; HC: 
healthy control. 

Supplementary Table B-34 

Between-group comparisons of HbO2 concentration changes across cortical regions 

under amputation side groin stimulation. 

 
Note: PF: fronto-polar area; AF: anterior frontal area; IAF: ipsilateral anterior frontal area; CAF: 
contralateral anterior frontal area; F: frontal area; IF: ipsilateral frontal area; CF: contralateral frontal 
area; FC: fronto-central area; IFC: ipsilateral fronto-central area; CFC: contralateral fronto-central area; 
C: central area; IC: ipsilateral central area; CC: contralateral central area; CP: centro-parietal area; ICP: 
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ipsilateral centro-parietal area; CCP: contralateral centro-parietal area; P: parietal area; HC: healthy 
control group; NPLP: non-phantom limb pain patient group; PLP: phantom limb pain patient group; HC: 
healthy control. 

Supplementary Table B-35 

Between-group comparisons of HbO2 concentration changes across cortical regions 

under non-amputation side groin stimulation. 

 
Note: PF: fronto-polar area; AF: anterior frontal area; IAF: ipsilateral anterior frontal area; CAF: 
contralateral anterior frontal area; F: frontal area; IF: ipsilateral frontal area; CF: contralateral frontal 
area; FC: fronto-central area; IFC: ipsilateral fronto-central area; CFC: contralateral fronto-central area; 
C: central area; IC: ipsilateral central area; CC: contralateral central area; CP: centro-parietal area; ICP: 
ipsilateral centro-parietal area; CCP: contralateral centro-parietal area; P: parietal area; HC: healthy 
control group; NPLP: non-phantom limb pain patient group; PLP: phantom limb pain patient group; HC: 
healthy control. 

Supplementary Table B-36 

Between-group comparisons of HbO2 concentration changes across cortical regions 

under amputation side knee stimulation. 
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Note: PF: fronto-polar area; AF: anterior frontal area; IAF: ipsilateral anterior frontal area; CAF: 
contralateral anterior frontal area; F: frontal area; IF: ipsilateral frontal area; CF: contralateral frontal 
area; FC: fronto-central area; IFC: ipsilateral fronto-central area; CFC: contralateral fronto-central area; 
C: central area; IC: ipsilateral central area; CC: contralateral central area; CP: centro-parietal area; ICP: 
ipsilateral centro-parietal area; CCP: contralateral centro-parietal area; P: parietal area; HC: healthy 
control group; NPLP: non-phantom limb pain patient group; PLP: phantom limb pain patient group; HC: 
healthy control. 

Supplementary Table B-37 

Between-group comparisons of HbO2 concentration changes across cortical regions 

under non-amputation side knee stimulation. 

 
Note: PF: fronto-polar area; AF: anterior frontal area; IAF: ipsilateral anterior frontal area; CAF: 
contralateral anterior frontal area; F: frontal area; IF: ipsilateral frontal area; CF: contralateral frontal 
area; FC: fronto-central area; IFC: ipsilateral fronto-central area; CFC: contralateral fronto-central area; 
C: central area; IC: ipsilateral central area; CC: contralateral central area; CP: centro-parietal area; ICP: 
ipsilateral centro-parietal area; CCP: contralateral centro-parietal area; P: parietal area; HC: healthy 
control group; NPLP: non-phantom limb pain patient group; PLP: phantom limb pain patient group; HC: 
healthy control. 

Supplementary Figure B-2 
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Between-group comparisons of hemoglobin concentration changes across cortical 

regions under left groin non-painful stimulation. 

 
 Notes: PF: fronto-polar area; AF: anterior frontal area; LAF: left anterior frontal area; RAF: right anterior 
frontal area; F: frontal area; LF: left frontal area; RF: right frontal area; FC: fronto-central area; LFC: left 
fronto-central area; RFC: right fronto-central area; C: central area; LC: left central area; RC: right central 
area; CP: centro-parietal area; LCP: left centro-parietal area; RCP: right centro-parietal area; P: parietal 
area; HC: healthy control group; Patient: patient group; HbO₂: oxyhemoglobin; HbR: deoxyhemoglobin. 
The x-axis represents time (in seconds), and the y-axis represents normalized changes in hemoglobin 
concentration (range: -1 to 1).  

Supplementary Figure B-3 

Between-group comparisons of hemoglobin concentration changes across cortical 

regions under left groin painful stimulation. 

 
Notes: PF: fronto-polar area; AF: anterior frontal area; LAF: left anterior frontal area; RAF: right anterior 
frontal area; F: frontal area; LF: left frontal area; RF: right frontal area; FC: fronto-central area; LFC: left 
fronto-central area; RFC: right fronto-central area; C: central area; LC: left central area; RC: right central 
area; CP: centro-parietal area; LCP: left centro-parietal area; RCP: right centro-parietal area; P: parietal 
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area; HC: healthy control group; Patient: patient group; HbO₂: oxyhemoglobin; HbR: deoxyhemoglobin. 
The x-axis represents time (in seconds), and the y-axis represents normalized changes in hemoglobin 
concentration (range: -1 to 1).  

Supplementary Figure B-4 

Between-group comparisons of hemoglobin concentration changes across cortical 

regions under left knee non-painful stimulation. 

 
Notes:PF: fronto-polar area; AF: anterior frontal area; LAF: left anterior frontal area; RAF: right anterior 
frontal area; F: frontal area; LF: left frontal area; RF: right frontal area; FC: fronto-central area; LFC: left 
fronto-central area; RFC: right fronto-central area; C: central area; LC: left central area; RC: right central 
area; CP: centro-parietal area; LCP: left centro-parietal area; RCP: right centro-parietal area; P: parietal 
area; HC: healthy control group; Patient: patient group; HbO₂: oxyhemoglobin; HbR: deoxyhemoglobin. 
The x-axis represents time (in seconds), and the y-axis represents normalized changes in hemoglobin 
concentration (range: -1 to 1).  

Supplementary Figure B-5 

Between-group comparisons of hemoglobin concentration changes across cortical 

regions under left knee painful stimulation. 
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Notes: PF: fronto-polar area; AF: anterior frontal area; LAF: left anterior frontal area; RAF: right anterior 
frontal area; F: frontal area; LF: left frontal area; RF: right frontal area; FC: fronto-central area; LFC: left 
fronto-central area; RFC: right fronto-central area; C: central area; LC: left central area; RC: right central 
area; CP: centro-parietal area; LCP: left centro-parietal area; RCP: right centro-parietal area; P: parietal 
area; HC: healthy control group; Patient: patient group; HbO₂: oxyhemoglobin; HbR: deoxyhemoglobin. 
The x-axis represents time (in seconds), and the y-axis represents normalized changes in hemoglobin 
concentration (range: -1 to 1).  

Supplementary Figure B-6 

Between-group comparisons of hemoglobin concentration changes across cortical 

regions under right groin non-painful stimulation. 

 
Notes: PF: fronto-polar area; AF: anterior frontal area; LAF: left anterior frontal area; RAF: right anterior 
frontal area; F: frontal area; LF: left frontal area; RF: right frontal area; FC: fronto-central area; LFC: left 
fronto-central area; RFC: right fronto-central area; C: central area; LC: left central area; RC: right central 
area; CP: centro-parietal area; LCP: left centro-parietal area; RCP: right centro-parietal area; P: parietal 
area; HC: healthy control group; Patient: patient group; HbO₂: oxyhemoglobin; HbR: deoxyhemoglobin. 
The x-axis represents time (in seconds), and the y-axis represents normalized changes in hemoglobin 
concentration (range: -1 to 1).  
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Supplementary Figure B-7 

Between-group comparisons of hemoglobin concentration changes across cortical 

regions under right knee painful stimulation. 

 
Notes: PF: fronto-polar area; AF: anterior frontal area; LAF: left anterior frontal area; RAF: right anterior 
frontal area; F: frontal area; LF: left frontal area; RF: right frontal area; FC: fronto-central area; LFC: left 
fronto-central area; RFC: right fronto-central area; C: central area; LC: left central area; RC: right central 
area; CP: centro-parietal area; LCP: left centro-parietal area; RCP: right centro-parietal area; P: parietal 
area; HC: healthy control group; Patient: patient group; HbO₂: oxyhemoglobin; HbR: deoxyhemoglobin. 
The x-axis represents time (in seconds), and the y-axis represents normalized changes in hemoglobin 
concentration (range: -1 to 1).  

Supplementary Figure B-8 

Between-group comparisons of hemoglobin concentration changes across cortical 

regions under amputation side groin non-painful stimulation. 
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Notes: PF: fronto-polar area; AF: anterior frontal area; IAF: ipsilateral anterior frontal area; CAF: 
contralateral anterior frontal area; F: frontal area; IF: ipsilateral frontal area; CF: contralateral frontal 
area; FC: fronto-central area; IFC: ipsilateral fronto-central area; CFC: contralateral fronto-central area; 
C: central area; IC: ipsilateral central area; CC: contralateral central area; CP: centro-parietal area; ICP: 
ipsilateral centro-parietal area; CCP: contralateral centro-parietal area; P: parietal area; HC: healthy 
control group; NPLP: non-phantom limb pain patient group; PLP: phantom limb pain patient group; 
HbO2: oxyhemoglobin; HbR: deoxyhemoglobin. The x-axis represents time (in seconds), and the y-axis 
represents normalized changes in hemoglobin concentration (range: -1 to 1). 

Supplementary Figure B-9 

Between-group comparisons of hemoglobin concentration changes across cortical 

regions under amputation side groin painful stimulation. 

 
Notes: PF: fronto-polar area; AF: anterior frontal area; IAF: ipsilateral anterior frontal area; CAF: 
contralateral anterior frontal area; F: frontal area; IF: ipsilateral frontal area; CF: contralateral frontal 
area; FC: fronto-central area; IFC: ipsilateral fronto-central area; CFC: contralateral fronto-central area; 
C: central area; IC: ipsilateral central area; CC: contralateral central area; CP: centro-parietal area; ICP: 
ipsilateral centro-parietal area; CCP: contralateral centro-parietal area; P: parietal area; HC: healthy 
control group; NPLP: non-phantom limb pain patient group; PLP: phantom limb pain patient group; 
HbO2: oxyhemoglobin; HbR: deoxyhemoglobin. The x-axis represents time (in seconds), and the y-axis 
represents normalized changes in hemoglobin concentration (range: -1 to 1). 

Supplementary Figure B-10 

Between-group comparisons of hemoglobin concentration changes across cortical 

regions under amputation side knee non-painful stimulation. 
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Notes: PF: fronto-polar area; AF: anterior frontal area; IAF: ipsilateral anterior frontal area; CAF: 
contralateral anterior frontal area; F: frontal area; IF: ipsilateral frontal area; CF: contralateral frontal 
area; FC: fronto-central area; IFC: ipsilateral fronto-central area; CFC: contralateral fronto-central area; 
C: central area; IC: ipsilateral central area; CC: contralateral central area; CP: centro-parietal area; ICP: 
ipsilateral centro-parietal area; CCP: contralateral centro-parietal area; P: parietal area; HC: healthy 
control group; NPLP: non-phantom limb pain patient group; PLP: phantom limb pain patient group; 
HbO2: oxyhemoglobin; HbR: deoxyhemoglobin. The x-axis represents time (in seconds), and the y-axis 
represents normalized changes in hemoglobin concentration (range: -1 to 1). 

Supplementary Figure B-11 

Between-group comparisons of hemoglobin concentration changes across cortical 

regions under amputation side knee painful stimulation. 

 
Notes: PF: fronto-polar area; AF: anterior frontal area; IAF: ipsilateral anterior frontal area; CAF: 
contralateral anterior frontal area; F: frontal area; IF: ipsilateral frontal area; CF: contralateral frontal 
area; FC: fronto-central area; IFC: ipsilateral fronto-central area; CFC: contralateral fronto-central area; 
C: central area; IC: ipsilateral central area; CC: contralateral central area; CP: centro-parietal area; ICP: 
ipsilateral centro-parietal area; CCP: contralateral centro-parietal area; P: parietal area; HC: healthy 
control group; NPLP: non-phantom limb pain patient group; PLP: phantom limb pain patient group; 
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HbO2: oxyhemoglobin; HbR: deoxyhemoglobin. The x-axis represents time (in seconds), and the y-axis 
represents normalized changes in hemoglobin concentration (range: -1 to 1). 

Supplementary Figure B-12 

Between-group comparisons of hemoglobin concentration changes across cortical 

regions under non-amputation side groin non-painful stimulation. 

 
PF: fronto-polar area; AF: anterior frontal area; IAF: ipsilateral anterior frontal area; CAF: contralateral 
anterior frontal area; F: frontal area; IF: ipsilateral frontal area; CF: contralateral frontal area; FC: fronto-
central area; IFC: ipsilateral fronto-central area; CFC: contralateral fronto-central area; C: central area; 
IC: ipsilateral central area; CC: contralateral central area; CP: centro-parietal area; ICP: ipsilateral 
centro-parietal area; CCP: contralateral centro-parietal area; P: parietal area; HC: healthy control group; 
NPLP: non-phantom limb pain patient group; PLP: phantom limb pain patient group; HbO2: 
oxyhemoglobin; HbR: deoxyhemoglobin. The x-axis represents time (in seconds), and the y-axis 
represents normalized changes in hemoglobin concentration (range: -1 to 1). 

Supplementary Figure B-13 

Between-group comparisons of hemoglobin concentration changes across cortical 

regions under non-amputation side groin painful stimulation. 
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Notes: PF: fronto-polar area; AF: anterior frontal area; IAF: ipsilateral anterior frontal area; CAF: 
contralateral anterior frontal area; F: frontal area; IF: ipsilateral frontal area; CF: contralateral frontal 
area; FC: fronto-central area; IFC: ipsilateral fronto-central area; CFC: contralateral fronto-central area; 
C: central area; IC: ipsilateral central area; CC: contralateral central area; CP: centro-parietal area; ICP: 
ipsilateral centro-parietal area; CCP: contralateral centro-parietal area; P: parietal area; HC: healthy 
control group; NPLP: non-phantom limb pain patient group; PLP: phantom limb pain patient group; 
HbO2: oxyhemoglobin; HbR: deoxyhemoglobin. The x-axis represents time (in seconds), and the y-axis 
represents normalized changes in hemoglobin concentration (range: -1 to 1). 

Supplementary Figure B-14 

Between-group comparisons of hemoglobin concentration changes across cortical 

regions under non-amputation side knee non-painful stimulation. 

 
Notes: PF: fronto-polar area; AF: anterior frontal area; IAF: ipsilateral anterior frontal area; CAF: 
contralateral anterior frontal area; F: frontal area; IF: ipsilateral frontal area; CF: contralateral frontal 
area; FC: fronto-central area; IFC: ipsilateral fronto-central area; CFC: contralateral fronto-central area; 
C: central area; IC: ipsilateral central area; CC: contralateral central area; CP: centro-parietal area; ICP: 
ipsilateral centro-parietal area; CCP: contralateral centro-parietal area; P: parietal area; HC: healthy 
control group; NPLP: non-phantom limb pain patient group; PLP: phantom limb pain patient group; 
HbO2: oxyhemoglobin; HbR: deoxyhemoglobin. The x-axis represents time (in seconds), and the y-axis 
represents normalized changes in hemoglobin concentration (range: -1 to 1). 
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