
O R I G I N A L  R E S E A R C H

Thermal Grill Illusion in Post-Stroke Patients: 
Analysis of Clinical Features and Lesion Areas
Soichiro Matsuda 1, Yuki Igawa1,2, Hidekazu Uchisawa1,2, Shinya Iki3, Michihiro Osumi1,4

1Graduate School of Health Sciences, Kio University, Nara, Japan; 2Department of Rehabilitation, Nishiyamato Rehabilitation Hospital, Nara, Japan; 
3Department of Rehabilitation, Kawaguchi Neurosurgery Rehabilitation Clinic, Osaka, Japan; 4Neurorehabilitation Research Center, Kio University, 
Nara, Japan

Correspondence: Soichiro Matsuda, Graduate School of Health Sciences, Kio University, 4-2-2 Umaminaka, Kitakatsuragigun, Nara, 635-0832, Japan, 
Tel +745-54-1601, Fax +745-54-1600, Email f1996957@kio.ac.jp 

Purpose: In the thermal grill illusion, participants experience a feeling similar to burning pain. The illusion is induced by simultaneously 
touching warm and cool stimuli in alternating positions. In post-stroke pain, central sensitization is caused by a variety of factors, including 
damage to the spinothalamic tract and shoulder pain. Because the thermal grill illusion depends on central mechanisms, it has recently been 
suggested that it may be a useful indicator of central sensitization. Therefore, we hypothesized that post-stroke patients who are more likely 
to experience central sensitization may also be more likely to experience a thermal grill sensation of pain and discomfort than the likelihood 
among those who are less likely to experience central sensitization. However, the effects of the thermal grill illusion in post-stroke patients 
have not yet been reported. In this pilot study, we conducted the thermal grill illusion procedure in post-stroke patients and analyzed the 
relationship between clinical somatosensory functions and thermal grill sensations. We also conducted brain imaging analysis to identify 
brain lesion areas that were associated with thermal grill sensations.
Patients and Methods: Twenty patients (65.7 ± 11.9 years old) with post-stroke patients participated in this study. The thermal grill 
illusion procedure was performed as follows: patients simultaneously touched eight water-filled copper bars, with the water 
temperature adjusted to provide alternate warm (40°C) and cold (20°C) stimuli.
Results: Thermal grill sensation of pain and discomfort tended to be associated with the wind-up phenomenon in bedside quantitative 
sensory testing and thermal grill sensation of discomfort was also related to damage to the thalamic lateral nucleus.
Conclusion: These findings suggest that the thermal grill illusion might measure central sensitization, and that secondary brain 
hyperactivity might lead to increased thermal grill sensations.
Keywords: thermal grill illusion, post stroke pain, central sensitization, thalamus, insula

Introduction
The thermal grill illusion was first reported over 120 years ago.1 When performing this illusion, participants experience 
a feeling similar to burning pain. Because the thermal grill illusion depends on central mechanisms, it has recently been 
suggested as a useful indicator of central sensitization.2 A previous study investigated thermal grill illusion pain in patients 
with fibromyalgia2 and reported that individuals with high pain levels and cold hyperalgesia are more likely to experience 
thermal grill illusion pain. The thermal grill illusion has also been suggested to be useful for assessing the pathological 
mechanisms of central post-stroke pain.3 Post-stroke pain includes musculoskeletal pain, shoulder pain, and headache with 
a reported prevalence of 11 to 55%.4,5 Central post-stroke pain is present in 8–30% of post-stroke patients,4,6–9 and is 
associated with the thalamus, anterior limb of the internal capsule, internal thalamus, anterior internal parietal lobe, corona 
radiata (posterior), dorsolateral prefrontal cortex, and inferior parietal lobe.10–13 Symptoms of central post-stroke pain are 
reported to include allodynia and hyperalgesia in addition to pain and somatosensory disturbances corresponding to the region 
of injury.6 Allodynia refers to pain from a stimulus that does not normally cause pain, whereas hyperalgesia denotes increased 
pain from a stimulus that normally causes pain.14 Central disinhibition has been proposed as a pathological mechanism of 
central post-stroke pain;3 it refers to pain caused by an imbalance between the medial and lateral pain pathways involved in 
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processing pain information.3,15,16 It is hypothesized that this imbalance is caused by injury to these pain pathways, resulting 
in the appearance of neuropathic pain caused by disinhibitory pain in the brain. For example, patients with central post-stroke 
pain may show allodynia to cold stimuli despite the development of cold hypoalgesia or pain hypoalgesia.13,17 In addition, 
Craig et al used the thermal grill illusion to quantitatively measure pain caused by this disinhibition.15 In summary, central 
sensitization is caused by a variety of factors, including damage to the spinothalamic tract12 and shoulder pain.5 We therefore 
hypothesized that post-stroke patients may be more likely to feel pain caused by the thermal grill illusion because of the central 
sensitization that occurs after stroke.

The mechanisms of neuropathic pain are diverse, even within a single disease pathology. Moreover, sensory 
abnormalities in neuropathic pain reflect changes in each pathological mechanism, such as peripheral sensitization or 
central sensitization. For example, the pressure pain threshold is reportedly disturbed in patients with peripheral 
sensitization.18 Therefore, in addition to the diagnosis of neuropathic pain itself, assessments of somatosensory function 
using quantitative sensory testing (QST) are also needed in clinical practice.19–21 QST using nociceptive stimulation are 
considered useful for classifying central post-stroke pain.17,21–23 However, QST methods using nociceptive stimulation 
represent a significant burden for patients in clinical practice. The thermal grill illusion is expected to be useful as a test 
of central sensitization produced by non-nociceptive stimuli. If an association exists between the thermal grill illusion 
and central sensitization, it can therefore be used clinically as a safe assessment method.

However, the effects of the thermal grill illusion have not yet been reported in post-stroke patients. Furthermore, only a few 
studies have investigated the response to the thermal grill illusion in chronic pain patients, either in case reports24–26 or in 
different diseases.27–29 In the present pilot study, we conducted the thermal grill illusion in post-stroke patients and analyzed 
the relationship between clinical somatosensory functions and thermal grill illusion pain. In addition, we conducted brain 
imaging analysis to identify areas of brain lesions that were associated with the thermal grill illusion.

Materials and Methods
Participants
Twenty post-stroke patients (66.0 ± 11.1 years) were included. Exclusion criteria were dementia (Mini Mental State 
Examination ≤ 23) or the presence of psychiatric, orthopedic, or central nervous system disorders before the stroke. This 
study was conducted in accordance with the Declaration of Helsinki, with the research plan submitted and approved by 
the Research Ethics Committee of Kio University (approval number: R3-8). Patients were fully informed about the study 
and their consent was obtained; however, the purpose of the study was not explained to the patients, and they were 
blinded to the experiment. Patients were recruited at Kawaguchi Neurosurgical Rehabilitation Clinic and Nishiyamato 
Rehabilitation Hospital. All procedures were conducted in a sitting position for about 90 minutes. Missing data included 
Fugl-Meyer Assessment (FMA) results in one patient. Brain imaging was excluded for one patient whose brain lesions 
were not drawn.

Clinical Assessments
Patients were asked to respond to questions regarding a range of motion limitations and pain during joint movements for 
the motor assessment. In addition, motor function was assessed using the motor components of the FMA. Although the 
FMA is used to measure the motor function of upper and lower limbs in stroke patients, in the present study we only used 
the following upper limb items: coordination and speed of the upper limb, shoulder/elbow/forearm joint function, wrist 
joint function, and finger function. Upper limb function was measured using the total score (0–66 points); higher scores 
indicate better upper limb function.

Pain intensity was assessed using average values: 0 (no pain) to 10 (maximum imaginable pain). In addition, pain 
characteristics were assessed using the short-form McGill Pain Questionnaire-2 (SF-MPQ-2)30 to analyze 18 sensory 
factor items (four items were excluded: exhausting, sickening, fearful, and cruel). Neuropathic pain was assessed using 
the Pain DETECT31 and the Neuropathic Pain Symptom Inventory (NPSI),32 catastrophic thoughts were evaluated using 
the short-form Pain Catastrophizing Scale (PCS-6),33 and kinesiophobia was assessed using the short-form Tampa Scale 
of Kinesiophobia (TSK-11).34
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Somatosensory function was assessed using bedside-QST.35 The testing accuracy of bedside-QST is slightly less than 
that of conventional QST, but it can be used to identify sensory phenotypes.35 In post-stroke pain patients, QST was 
evaluated at painful sites (eg, shoulders and palms). Previous study suggests that the dorsal hand should be used for 
QST.36 Therefore, QST was performed on the bilateral dorsal hands in the post-stroke patients. The bedside-QST 
included: warm detection threshold (WDT), heat pain threshold (HPT), cold detection threshold (CDT), cold pain 
threshold (CPT), mechanical pain sensitivity (MPS), pressure pain threshold (PPT), dynamic mechanical allodynia 
(DMA), and wind-up ratio (WUR). The tests were performed according to a previous study;35 however, in contrast to 
the previous study, Peltier was used for the thermal sensation test. Patients were asked to score the pain of each item after 
stimulation on an 11-point Likert scale from 0 (no pain) to 10 (maximum imaginable pain). The tests were performed 
using a Peltier temperature control set (VPE 20–30, VICS, Tokyo, Japan); cotton swabs, cotton balls, and brushes 
(Somedic, Sösdala, Sweden); a Chicago Medical Supply (CMS) 0.7 mm Rotating Weinstein Foot Filament Wheel 
filament (Chicago Medical Supply, Chicago, IL, USA); and a 10 mL syringe.

Specific procedures are described herein (see details in35). Patients were asked to make contact with a Peltier 
temperature controller for 3 seconds; the controller was set at 37°C for WDT, 45°C for HPT, 22°C for CDT, and 8°C 
for CPT. MPS was measured by stimulating the patient with a CMS 0.7 mm filament and asking the patient to score their 
pain on an 11-point Likert scale. In the PPT, patients scored pain intensity while pushing a syringe filled with 10 mL of 
air down to the 4 mL mark. DMA was assessed by scoring the intensity of pain when a brush, cotton swab, or cotton 
wool was moved back and forth across the pain site twice in a cross pattern. The average pain score was calculated from 
the items of brush, cotton swab, and cotton wool for the analysis. The WUR was evaluated by repeating the stimulation 
10 times at a frequency of once per second with a CMS 0.7 mm filament and having the subjects respond to the intensity 
of pain at the first and tenth repetitions. The WUR was then calculated by subtracting the pain intensity of the first 
stimulus from the pain intensity of the tenth stimulus. All items were answered on an 11-point Likert scale and 
standardized for analysis.

Thermal Grill Illusion
The thermal grill illusion procedure was performed in a room with a temperature of 24.8°C ± 0.8°C. Water flowed 
through a 1 cm diameter copper bar and a plastic tube, and water temperatures were adjusted to provide warm (40 °C) 
and cold (20°C) stimuli to the patient’s contact surface. The temperature settings for the warm and cold stimuli were 
adjusted within ±1.0°C. Four warm and four cool copper bars (20 cm long, 0.8 cm diameter, 0.1 cm thick) were arranged 
alternately and were touched simultaneously by the patients to create the thermal grill illusion. Each copper bar was 
separated from its neighbor by 5 mm. Four copper bars were connected to a circulating thermostatic chamber (LBX-300, 
AS ONE, Osaka, Japan) via plastic tubing for warming, while the other four copper bars were connected to another 
thermostatic chamber for cooling. The surface temperature of each copper bar was monitored during the experiment 
using a thermometer probe (Unique Medical Co., Tokyo, Japan) attached to each bar (Figure 1).

To test the response to the thermal grill illusion, patients placed their palm on the copper bars for up to 30 seconds in 
the following order: unaffected side, affected side. If the pain was severe, the painful area was removed from the copper 
bar at that point and a questionnaire was administered to assess the patient’s experience of the thermal grill illusion. 
Responses for pain and discomfort experienced during the thermal grill illusion ranged from 0 (no pain) to 10 (maximum 
imaginable pain) and 0 (no discomfort) to 10 (maximum imaginable discomfort), respectively.28

Statistical Analysis
Thermal grill sensations (pain and discomfort) on the unaffected and affected sides were analyzed using the Bayesian 
Wilcoxon signed-rank test with four chains and 4000 iterations. Pain intensity and thermal grill sensations (pain and 
discomfort) were analyzed by Bayesian correlation. The results were confirmed by the Bayes factor, which provides evidence 
in support of the alternative hypothesis. A Bayes factor of 1–3 was interpreted as providing weak evidence, 3–10 as moderate 
evidence, 10–30 as strong evidence, 30–100 as very strong evidence, and >100 as extremely strong evidence.37,38 The thermal 
grill sensation index was used in the analysis of generalized linear model analysis and voxel-based lesion–symptom mapping 
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by calculating thermal grill sensation of pain and discomfort by subtracting the score of the unaffected side from the score of 
the affected side.

A generalized linear model (GLM) analysis was performed using the thermal grill sensation score as the response 
variable and the bedside-QST as the explanatory variable. We created four models. First model: the thermal grill 
sensation of pain as the response variable; bedside-QST subgroups of WDT, HPT, CDT, and CPT as the explanatory 
variables. Second model: the thermal grill sensation of pain as the response variable; bedside-QST subgroups of MPS, 
PPT, DMA, and WUR as the explanatory variables. Third model: the thermal grill sensation of discomfort as the 
response variable; bedside-QST subgroups of WDT, HPT, CDT, and CPT as the explanatory variables. Fourth model: the 
thermal grill sensation of discomfort as the response variable; bedside-QST subgroups of MPS, PPT, DMA, and WUR as 
the explanatory variables.

Given the small sample size of this study, the GLM analysis was performed using the Bayesian method, which is 
capable of reasonable estimation even with a small sample size. The Bayesian approach was used to investigate the 
Markov chain Monte Carlo method fitting of the GLM, which is a method of generating samples with distributional 
characteristics consistent with the posterior distribution by means of a Markov chain using the Bayesian method and 
calculating estimates of the target variable using these samples. The prior distribution was assumed to be normal; the 
total number of iterations was 16,000, the burn-in sample was 12,000, and the number of chains was four. The Rhat value 
was used to confirm the modeling hypotheses; a Rhat of less than 1.1 for all parameters indicates that the model is well 
estimated.39 All confidence interval (CI) is presented as 95% CI. All values are given as the mean ± standard deviation 
unless otherwise indicated. JASP 16.3,40 R 4.2.0 was used for the statistical analysis.

Analysis of Lesion Areas
The analysis of lesion areas was performed using magnetic resonance imaging (MRI) scans from the 20 patients. To 
standardize the MRI scans, we first manually indicated the extent of ischemic lesions on anonymized MRI scans using 
MRIcron.41 Next, the MRI scans were further standardized using the MR normalization algorithm42 from the Clinical Toolbox 
in SPM8 of MATLAB (MathWorks, Natick, MA, USA). The participant’s MRI images were selected using anatomical scans, 
and MRI scans with lesion maps and pathological scans indicating ischemic lesions were selected. Modality was set to match 
the MRI scan; T1 or T2 MRI scans were selected. The brain images and lesion areas were converted to T1 templates based on 
data from older adults. A template mask was not set, the bounding box was 2×3 (−90, −126, −72; 90, 90, 108), the voxel size 
was 1 × 1×1 mm, and intermediate images were set to False.42–44 Brain images were analyzed to identify the lesion regions 
related to the experiences with the thermal grill illusion. MATLAB R2020a was used for the analysis. Those with thermal grill 
illusion pain and discomfort scores higher than the median were classified as having thermal grill sensation; all others were 
classified as having non-thermal grill sensation. Subtraction mapping was performed by subtracting the scores at the affected 

Figure 1 Experimental conditions for thermal grill stimulation. Water flowed through a 1 cm diameter copper bar and a plastic tube, and water temperatures were adjusted 
to provide warm (40°C) and cold (20°C) stimuli. Four warm and four cool copper bars were arranged alternately and touched simultaneously by the patients to experience 
the thermal grill illusion.
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side of the non-thermal grill sensation group from the scores at the affected side of the thermal grill sensation group. Patients 
with values higher than the median were compared with patients with values below the median.45 Pain was reported by six 
patients with values above the median and 13 patients below the median. Discomfort was reported by seven patients with 
values above the median and 12 patients below the median. Subtraction mapping results are shown as the percentage overlap 
of the lesion area for those who reported values above the median (ie, thermal grill sensations of pain and discomfort).

As a secondary approach, we performed voxel-based lesion–symptom mapping analysis using non-parametric 
mapping41 to investigate the relationship between thermal grill sensations (pain and discomfort) and lesion areas. Voxel- 
based lesion–symptom mapping analysis was performed to identify the lesion areas that were significantly associated 
with thermal grill sensation. Voxels damaged in at least 1% of patients were included. The Brunner Munzel test was used 
for statistical analysis. Family-wise errors were adjusted for significance level by performing a permutation test 
(4000 permutations).

Results
Clinical Assessments
Results from the clinical assessments of motor function and pain are given in Table 1. Pain was reported from 11 patients, 
their pain intensity was 2.8 ± 2.8 (Mean ± SD). Three patients had pain spreading from the forearm to the hand, two 
patients had pain spreading from the shoulder to the forearm, and six patients had pain in the upper limb. Bedside QST 
scores are given in Table 2.

The intensity of the thermal grill sensation of pain was 1.1 ± 2.3 for the affected side, 0.8 ± 1.8 for the unaffected 
side. The intensity of the thermal grill sensation of discomfort was 2.6 ± 2.8 for the affected side, 2.4 ± 2.1 for the 
unaffected side. No thermal grill sensation of pain or discomfort was evident between the unaffected and affected sides. 
Moreover, the pain intensity and patient characteristics did not significantly correlate with the thermal grill sensation.

Generalized Linear Model Analysis
GLM analysis was performed to confirm the relationship between thermal grill sensations (pain and discomfort) and 
bedside-QST. There was no association between the thermal grill sensation (pain and discomfort) and the temperature 

Table 1 Participants Characteristics

Sex (Male), Number (%) 17 (85%)

Age, mean ± SD 66.0 ± 11.3

Stroke type (ischemic), number (%) 10 (50%)
Duration (year), mean ± SD 1.7 ± 3.1

Affected side (right), number (%) 10 (50%)

ROM limitation, number (%) 7 (35%)
MAS, mean ± SD 0.5 ± 0.8

FMA score, mean ± SD 45.8 ± 22.5
Pain frequency, number (%) 11 (55%)

Pain intensity, mean ± SD 2.8 ± 2.8

NPSI, mean ± SD 10.5 ± 11.6
SF-MPQ-2, mean ± SD 13.5 ± 14.9

Pain DETECT, mean ± SD 6.9 ± 7.3

PCS-6, mean ± SD 5.0 ± 6.4
TSK-11, mean ± SD 18.4 ± 7.8

Thermal grill sensation of pain (affected side), mean ± SD 1.1 ± 2.3

Thermal grill sensation of pain (unaffected side), mean ± SD 0.8 ± 1.8
Thermal grill sensation of discomfort (affected side), mean ± SD 2.6 ± 2.8

Thermal grill sensation of discomfort (unaffected side), mean ± SD 2.4 ± 2.1

Abbreviations: FMA, Fugl-Meyer Assessment; NPSI, Neuropathic Pain Syndrome Inventory; SF-MPQ-2, short- 
form McGill Pain Questionnaire 2; PCS-6, short-form Pain Catastrophizing Scale-6; TSK-11, short-form Tampa 
Scale of Kinesiophobia-11.
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stimulus because the model was not validated. There was a positive association between thermal grill sensations of pain 
and WUR. Thermal grill sensation of discomfort and WUR also tended to be positively correlated, but negatively 
associated with DMA in Figure 2.

Analysis of Lesion Areas
The lesion areas in the 20 post-stroke patients are indicated in Figure 3A. Post-stroke patients with more damage to the insular 
cortex and parietal lobes were more likely to feel pain during the thermal grill illusion in Figure 3B. Post-stroke patients with 
more damage to the thalamic lateral nucleus and parietal lobes were more likely to feel discomfort during the thermal grill 
illusion in Figure 3C. In the voxel-based lesion–symptom mapping analysis, which was conducted to assess the relationship 
between thermal grill sensations and lesion areas, no voxels were significantly correlated with thermal grill sensations of pain. 
However, thermal grill sensations of discomfort were significantly associated with voxels in lesion areas around the crus 
posterius of the internal capsule and the lateral nucleus of the thalamus in Figure 3D. It indicates that subjects more likely to 
experience discomfort had damaged lesions around the crus posterius of the internal capsule and the lateral nucleus of the 
thalamus. The results are shown at a false discovery rate-corrected threshold of p < 0.05, z > 1.92.

Discussion
Thermal grill sensations of pain and discomfort were tended to be associated with the wind-up phenomenon. In addition, 
thermal grill sensations of pain and discomfort were not associated with thermal sensory stimulation in the bedside-QST. 
Voxel-based lesion–symptom mapping analysis revealed that patients with lesions of the thalamus were more likely to 
experience thermal grill sensations of discomfort.

Pain evoked by thermal stimulation in the bedside-QST was not associated with thermal grill sensations of pain and 
discomfort; this finding suggests that the mechanisms of simple heat/cold pain might be different from the mechanism 

Table 2 Bedside QST Scores

Mean ± SD

Warm Detection Threshold 0.2 ± 0.9
Cold Detection Threshold 1.3 ± 2.7

Heat Pain Threshold 0.2 ± 0.9

Cold Pain Threshold 1.4 ± 2.8
Mechanical Pain Sensitivity 3.3 ± 2.7

Pressure Pain Threshold 1.7 ± 2.4

Dynamic Mechanical Allodynia 0.5 ± 1.1
Wind-up Ratio 0.9 ± 1.3

Figure 2 Associations between the thermal grill sensation (pain and discomfort) and bedside quantitative sensory testing scores in generalized linear model. There was 
a positive association between the thermal grill sensation of pain and WUR. The thermal grill sensation of discomfort tended to be positively associated with WUR but 
negatively associated with DMA. 
Abbreviations: CI, confidence interval; MPS, mechanical pain sensitivity; PPT, pressure pain threshold; DMA, dynamic mechanical allodynia; WUR, wind-up ratio.
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underlying the thermal grill illusion. The results are therefore in line with a previous proposal3 that the thermal grill 
illusion should be included in the QST as a new clinical assessment.

Post-stroke patients who experienced the thermal grill illusion on the affected side more than on the unaffected side 
were also more likely to experience the wind-up phenomenon, in which pain is amplified by temporal summation when it 
is repeatedly stimulated at short intervals.46–50 This phenomenon has been suggested to be enhanced by central 
sensitization, and the QST quantifies the phenomenon as the WUR.51 An enhancement of the wind-up phenomenon is 
relatively common in chronic pain patients52–57 such as those with fibromyalgia58 and chronic musculoskeletal pain.59,60 

Together, these findings suggest that central sensitization may be evaluated in post-stroke patients by characterizing 

Figure 3 Magnetic resonance images of the brain with overlaid lesion map, subtraction maps, and voxel-based lesion–symptom mapping of thermal grill sensations and lesion 
areas. (A) Lesion map. The lesion areas of all patients are shown. (B) Subtraction maps. Subtraction mapping was performed to distinguish the lesion areas of the thermal 
grill sensation group from those of the nonthermal grill sensation group. Post-stroke patients with greater damage to the insular cortex and parietal lobes were more likely 
to experience pain during the thermal grill illusion. (C) Subtraction maps. Post-stroke patients with greater damage to the thalamic lateral nucleus and parietal lobes were 
more likely to experience discomfort during the thermal grill illusion. (D) Voxel-based lesion symptom mapping. Thermal grill sensations of discomfort were significantly 
associated with voxels in lesion areas around the crus posterior of the internal capsule and the lateral nucleus of the thalamus (p < 0.05, z > 1.92). This indicates that subjects 
who were more likely to experience discomfort had damaged lesions around the crus posterius of the internal capsule and the lateral nucleus of the thalamus. The z-axis 
coordinates are listed in the brain images.
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thermal grill sensations of pain and discomfort. A previous study also supports this concept, reporting that central 
sensitization in fibromyalgia can be quantified using the thermal grill illusion.2 Because the thermal grill illusion is not 
a nociceptive stimulus, it is safer and easier to use in clinical practice than the currently used procedure of the wind-up 
phenomenon. Post-stroke pain includes central post-stroke pain, headache, and pain caused by musculoskeletal pain and 
spasticity.4,9 In the current study, nearly half of all patients experienced pain during joint movement; thus, many patients 
had musculoskeletal pain. Therefore, it is possible that in the present cohort, problems with the somatosensory pathways 
were not the cause of the pain, and there was no relationship between pain intensity and the thermal grill sensation 
intensity, and the low association with allodynia. Future studies are needed to further identify pain types in post-stroke 
patients, and to investigate which post-stroke patients are most likely to experience thermal grill sensations of pain.

This study was the first report of the relationship between the thermal grill illusion and the brain lesion area. Our brain 
imaging analysis findings suggest that the thalamus is associated with thermal grill sensations of discomfort. In the present 
study, these lesion areas were similar to the brain areas that have been previously reported as activated by the thermal grill 
illusion.61 Previous studies have reported that the thalamus is responsible for processing and integrating thermal and pain 
information.3,16,62,63 Together, these findings indicate that experiences of the thermal grill illusion are likely to be enhanced by 
problems in pain or thermal perception processing. Post-stroke patients with lesions of the thalamus are therefore relatively 
prone to perceiving discomfort in the thermal grill illusion because their somatosensory functions of pain or thermal sensation 
are deficient. The results of this study may help identify the mechanism underlying the thermal grill illusion and its relevance 
to central sensitization in post-stroke patients. Although the present study did not observe brain activity using functional MRI, 
secondary brain hyperactivity might also lead to enhancement of the thermal grill illusion. A previous study in monkeys with 
central post-stroke pain revealed that experimental damage to the ventral posterolateral nucleus of the thalamus results in the 
hyperactivity of brain areas such as the posterior insula and secondary somatosensory cortex, which secondarily causes central 
pain.64,65 These results suggest that primary thalamic damage causes hyperactivity of the pain matrix (ie, central sensitization), 
thus causing the clinical symptoms of central pain. However, the process of how the pain matrix becomes overactive and 
affects the thermal grill illusion needs clarifying in future studies. Moreover, further investigation into the relationship between 
the effects of the thermal grill illusion and lesion areas in post-stroke patients may aid differential diagnoses in post-stroke 
patients. More data from post-stroke patients are required to clarify our findings beyond those of the present pilot study 
because of its limited sample size.

Conclusion
It was suggested that thermal grill sensation of pain and discomfort may be useful as an evaluation of central sensitization 
using non-nociceptive stimulation in post-stroke patients.
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