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ABSTRACT 

We compared the activation pattern at the motor cortex (MC and prefrontal cortex (PFC) 

based on the delta value (Δ) of oxy-hemoglobin (HbO) by functional near-infrared 

spectroscopy (fNIRS). We examined the relationship of the ΔHbO based on the peaks at 5°C 

and 25°C by right-hand immersion in water in 22 fibromyalgia and 19 controls.  

Fibromyalgia showed a shorter peak latency for HbO at the left MC. In contrast, at the left 

MC, their HbO increased 117.64% compared to 92.85% in the controls. A receiver operator 

characteristics (ROC) analysis showed the ΔHbO cutoffs equal to –0.175 at the left and –

0.205 at the right PFC offer sensitivity and specificity of at least 80% in screening 

fibromyalgia compared to controls. In fibromyalgia, a ROC analysis showed that these cutoff 

points could discriminate those with higher disability due to pain and more severe central 

sensitization symptoms (CSS). The ROC with the best discriminatory profile was to the CSS 

score with the ΔHbO at the left PFC (AUC = 0.82, CI 95% = 0.61–100). These results 

indicate that cortical activation based on the ΔHbO at the PFC might be a sensitive marker to 

identify those fibromyalgia patients with more severe clinical symptoms. 

 

 

  



3 

 

INTRODUCTION 

Fibromyalgia is a widespread chronic pain disorder accompanied by numerous other 

symptoms that cause significant functional impairment, a prototypical condition of central 

sensitivity syndrome (CSS). (1,2) Also are typical symptoms of fibromyalgia: sleep 

disturbance, joint stiffness, headache, abdominal discomfort, cognitive impairment, and 

depressive symptoms. (1) According to an early study with fibromyalgia, a higher score in the 

Central Sensitization Inventory (CSI) was positively correlated with serum brain-derived 

neurotrophic factor (BDNF) and dysfunction of the descending pain inhibitory system. (2)  

Previous studies using functional magnetic resonance imaging (fMRI) in a resting 

state found different activation of brain areas involved in pain processing in patients with 

diverse types of chronic pain (e.g., neuropathic pain, fibromyalgia, etc.) compared to healthy 

subjects.(3, 4) In patients with orofacial neuropathic pain, increased functional connectivity 

within the brainstem pain-modulation network was found. This finding was observed in the 

rostral ventromedial medulla (RVM), ventrolateral periaqueductal gray (vlPAG), and locus 

ceruleus (LC).(3) Another study with fibromyalgia found a positive correlation between 

changes in the primary somatosensory (S1) cortex’s connectivity and clinical pain, 

catastrophizing pain, and autonomic dysfunction.(4) Similarly, in healthy subjects, morphine 

attenuated the pain signal measured by functional near-infrared spectroscopy (fNIRS) in the 

medial Brodmann Area 10 and S1.(5) In comparison, fibromyalgia showed an increase in oxy-

hemoglobin (HbO) at the dorsolateral prefrontal cortex (PFC) upon painful stimulation 

compared to healthy controls.(6)  

Studies conducted in healthy subjects offer insight into the underlying physiological 

principles and the transient dynamics of the vascular response by blood oxygenation level-

dependent (BOLD) signals related to the local paramagnetic deoxy-hemoglobin (reduced 

hemoglobin, HbR). Such studies found correlations between pain stimulus intensity and the 
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magnitude of activation of cortical areas involved in pain processing. These areas include 

contralateral SI and bilateral second (SII) somatosensory cortice,(7) as well as the PFC.(8) 

However, to date, a limited number of studies have focused on the cortical activation speed at 

specific areas of emotion and pain processing, nominally the PFC(9) and primary motor cortex 

(M1). (9, 10, 11)  These areas have received attention as targets for non-invasive brain-

stimulation (e.g., transcranial magnetic stimulation (TMS), transcranial direct current 

stimulation (tDCS), etc.). However, we need to comprehend better their relationship with 

pain processing in real time. With this perspective, fNIRS is a tool that provides detailed 

biochemical specificity in the form of HbO concentration changes within a microvascular 

space with high temporal resolution.(12, 13) fNIRS measures indicate the activation of cortical 

areas that are defined according to the experimental paradigm.  

Thus, we compared activation patterns based on the delta value (Δ) of HbO in target 

areas involved in pain processing, nominally the PFC and motor cortex (MC), in 

fibromyalgia and healthy controls. In fibromyalgia, we examined the discriminatory 

properties of the ΔHbO based on the peaks at 5 °C and 25 °C at the PFC  to identify subjects 

with more severe clinical symptoms. We hypothesized that fibromyalgia, as compared to 

controls, would present a showed a shorter peak latency and larger amplitude of HbO curves 

measured by fNIRS during two contrasting thermal stimuli (water at 25 °C and 5 °C) at the  

PFC and MC. 

 

2. PATIENTS AND METHODS 

 

2.1. Design Overview, Settings and Participants  
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The protocol of this cross-sectional study was approved by the Committee Board 

(Institutional Review Board [IRB] at Hospital de Clínicas de Porto Alegre Ethics number 

20170049), according to the Declaration of Helsinki. All participants provided written 

informed consent. 

2.2. Recruitment, Inclusion and Exclusion Criteria  

We included right-handed literate women aged between 18 and 65 years recruited 

from the Chronic Pain Clinic and Basic Health Unit of the Hospital de Clínicas de Porto 

Alegre, and referrals from other clinic units. Also, advertisement postings in public places in 

Porto Alegre and on the internet where used. Thereafter, volunteers were contacted by phone 

and screened for eligibility. For the FM group, participants had to have confirmed the 

diagnosis of FM according to the American College of Rheumatology.(1) A skilled physician 

with experience in pain clinic re-examined patients and confirmed diagnosis.  We excluded 

pregnant patients or women with a history of malignancy or uncompensated chronic diseases. 

For the control group (HC) were excluded participants who reported pain or frequent use of 

painkillers, pregnant, with clinical disease (e.g., diabetes, hypertension, etc.). Also were 

excluded if they have a history of neuropsychiatric comorbidities, use of benzodiazepines, 

anticonvulsant, or antidepressant drugs. Both groups were oriented to refrain from consuming 

stimulating drinks and alcohol at least six hours before the assessments. 

2.3. Outcomes 

The outcomes related to cortical activation were the peak latency of the HbO, and the 

delta value of oxyhemoglobin (ΔHbO). The delta-values were obtained by the difference 

from baseline to the amplitude peak of the curves of HbO assessed bilaterally on the PFC and 

MC upon the thermal stimulus of 25ºC and 5º. The delta value of oxyhemoglobin (ΔHbO) 

based on the peaks of HbO at 5OC and 25OC was a measure of maximum response upon 

each one of these two-thermal stimuli. The disability due to pain and central sensitization 



6 

 

symptoms were the primary clinical outcomes in the fibromyalgia group. For the analysis that 

related to the clinical outcomes, the study's primary interest factor was the PFC activation 

assessed by the delta value of ΔHbO - based on the peaks of HbO at 5OC and 25OC. 

 

2.4. Instruments and Assessments 

 

2.4.1. Data Acquisition 

Cortical activation was evaluated by functional near-infrared spectroscopy (fNIRS), 

with a NirX NirScout 16x24 near-infrared spectroscopy device, scan rate 3,91 Hz, dual-

wavelengths LEDs sources (760 and 850 nm) with 16 sources and 16 detectors spaced of 3 

cm and placed over the scalp using the caps provided by EASYCAP®. The montage creates 

40 channels and covers bilateral prefrontal and cortical motor areas. Probe localization was 

established using the international 10-10 EEG system (Table 1). Software equipment was 

NirsStar 14.2, NirsLab 2017, and MatLab (MATLAB 2010).  In appendix I you can see the 

Relationship of fNIRS channels 1-20 and EEG 10-10 System to compose the channels used. 

 

2.4.2. Screening and Preprocessing 

The raw data from each subject was individually inspected with NirsLab, and all 

channels with coefficient variation (CV) more than 7.5% were removed.  Data were band-

passed from 0.01 to 0.2Hz. Considering an inter-optode distance of 3 cm and a differential 

path-length (DFP) of 7.25 and 6.38, the data was finally converted to HbO using the modified 

Beer-Lambert law and exported to MatLab.  Based on previous studies,(15)  we calculated the 

mean for HbO concentration at the 30 seconds baseline and defined three main measures: a) 

the latency (time in seconds) to reach the highest HbO concentrations after stimulus onset 

(peak latency); b) the range (HbO peak amplitude) of HbO concentrations (ΔHbO) between 
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baseline and during the first 15 seconds after thermal stimulus onset; and c) the range of HbO 

concentrations between baseline and the first 15 seconds after thermal stimulation ending 

(HbO_PSE). Therefore, peak latency and peak amplitudes after stimulus end were based on 

only HbO.(16) We grouped channels in four cortical areas, based on EEG 10/10 system 

parameters and Broadmann’s area (Figure 1): left and right PFC and left and right MC. 

 

            ------------------------- Insert Figure 1 ----------------- 

 

Figure 1. The fNIRS' optodes montage. Black dots represent detectors, and white dots 

represent sources. LEFT PREFRONTAL CORTEX = Channel 1-9 plus 11 and 12. RIGHT 
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PREFRONTAL CORTEX– Channel 12 – 20 plus Channel 9 and 10. RIGHT MOTOR 

CORTEX – Channel 21-30. LEFT MOTOR CORTEX – Channel 31-40. 

2.4.3. Experimental Paradigm  

Subjects were sitting in a comfortable chair with their arm rested, lights turned off, 

and room temperature kept constant (around 21ºC) during the experiment to minimize 

contamination. After explaining, demonstrating, and solving doubts about each thermal 

stimulation, subjects were asked to remain with their eyes closed and to reduce any kind of 

motor activity not related to the experiment. After verifying the correct positioning and 

adequate signal capture, we proceeded to data registering. The signal was recorded for 60 

seconds in a resting state, as the baseline measure. Thermal stimulation was performed while 

recording the cortical activation for posterior offline analysis. Thermal stimulation consisted 

of participants immersing their hands on the water in a bucket with two different 

temperatures: 25°C (innocuous) and 5°C (noxious) for 30 seconds or until feeling the first 

pain sensation. The participant rested for 2 minutes after each test. The water temperature 

during the experiment was recorded by a digital thermometer. The total time of the 

experimental paradigm was around 15 to 20 minutes. Figure 2 illustrates the paradigm used.                       

 ------------------------------------ Insert Figure 2 ----------------------- 
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Figure 2.  Timeline of the experimental paradigm. Timeline of each assessment pre- and 

post-thermal stimuli with the temperature at 25°C and 5°C. The cold test was induced by the 

immersion of the right hand in the water for 30 seconds or until feeling the first pain 

sensation, with the temperature of 25°C and 5°C and a break of 2 minutes between each trial. 

The temperature was controlled through a digital thermometer. 

2.4.4. Assessment of pain disability due to pain and central sensitization symptoms 

 

 

a)   The Brazilian Portuguese version of the Profile of Chronic Pain: Screen (BPCP: S)(17) was 

used to assess the disability due to pain (DRP) for daily activities. It assessed the level of 

disability due to pain, and it consists of 15 items (total score from 0 to 91). The scale 

comprehends three parts: severity scale [two items in 6-points Likert scale and two in 

numeric scale (0–9 in intervals of 0.5 units), possible range 0–30], interference scale (six 

items in 6-points Likert scale; possible range 0–36), and emotional burden scale (five items in 

5-points Likert scale; possible range 0–25). 

b) The Central Sensitization Inventory for Brazilian Population (CSI-BP) consists of 25 items 

(total score from 0 to 100) loading for the factors: physical symptoms, emotional distress, 
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headache/jaw symptoms, and urological symptoms. This scale allows a rapid tracking of 

symptoms associated with central sensitization to guide therapeutic strategies and indicate 

prognostic factors. Higher scores indicate a higher degree of self-reported symptomatology. 

Additionally, the part B of SCI assesses the presence of psychiatric diagnosis and 

neurological disorders associated with central sensitization.(18)  

 

2.4.5. Assessment of sociodemographic characteristics and other psychological measures  

We used the Beck Depression Inventory (BDI-II)(19) for depressive symptoms, Strait-

Trait Anxiety Inventory – short version (STAI-SV)(20) and Brazilian Pain catastrophizing 

Scale (BP-PCS)(21) were applied for sample characterization purposes. Standardized 

questionnaire: a standardized query was used to assess demographic data and medical 

comorbidities. Patients were requested to provide information about their age, sex, level of 

education, marital status, and lifestyle habits. They also provided information about their 

health status, including clinical and psychiatric diagnoses. Analgesic use was defined by an 

average of analgesic used per week during the previous month. For data analysis, analgesic 

use was included as a dichotomous variable (the use of analgesics at least four or fewer days 

per week or the use for more than 4 days per week). This approach was chosen because 

patients with chronic pain rescue analgesic use change each week, depending on their level of 

pain. 

 

2.5. Data Analysis  

All continuous variables were tested for normality using the Shapiro-Wilk’s test and 

Box-Plot diagrams. The majority presented an indication of non-parametric distributions. 

Therefore, for sample characterization, we used Mann-Whitney U tests for continuous 

variables and Fisher’s Exact Tests for categorical variables. We conducted  Generalized 

https://rlbarter.github.io/Practical-Statistics/2017/05/10/generalized-estimating-equations-gee/
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Estimating Equations (GEE) models with an exchangeable working correlation to compare 

for the group effect (fibromyalgia and controls) on the peak latency of the HbO, and the delta 

value of oxyhemoglobin (ΔHbO). Also, we used the GEE to compare the delta-values from 

baseline to the amplitude peak of the curves of HbO on the left and right PFC and MC upon 

the thermal stimulus of 25ºC and 5 ºC. In the final models, interactions among the factors 

(group and temperature) were also examined. Effect sizes were reported according to 

Cramer’s V [(for one degree of freedom the effect size is classified as small (0.1), medium 

(0.3) and large (0.5)].(22)  

The Spearman's rho coefficient was used to assess the relationship between the left 

and right PFC activation assessed by the delta value of ΔHbO - based on the peaks of HbO at 

5OC and 25OC with the disability due to pain and central sensitization symptoms in 

fibromyalgia (see Table 4). After confirming the corresponding assumptions, a multivariate 

linear regression model was performed to adjust for multiple comparisons between the 

independent variables the delta value of ΔHbO - based on the peaks of HbO at 5OC and 25OC 

on the right and left PFC to explore their relationship with clinical symptoms observed in FM 

(i.e., disability due to pain and central sensitization symptoms). The dependent variables were 

scores in the scores related to disability due to pain for daily activities (BP-PCP:S) and 

central sensitization scores (CSI-BP). All analyses were adjusted by multiple comparisons 

using the Bonferroni's Multiple Comparison Test. The AUCs with exact binomial 95% 

confidence intervals (CI) are presented. The cutoff values with the highest Youden index, 

with 80% sensitivity and with 80% specificity is presented each one of four indexes and all 

they showed a ROC AUC higher than 0.68.  

For the analysis regarding an association between the cortical activation related to the 

(Δ)HbO based on the peaks of HbO at 5OC and 25OC on the PCF with fibromyalgia 

symptoms, a priory sample size estimative indicated a study of 20 subjects. For type I and II 

https://rlbarter.github.io/Practical-Statistics/2017/05/10/generalized-estimating-equations-gee/
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errors of 0.05 and 0.20, respectively, and anticipating effect size    of 0.6 for multiple 

regression analysis, which allows for two predictors [in the case, the (Δ)HbO based on the 

peaks of HbO at 5OC and 25OC on the left and on the right PCF]. Finally, considering the 

likely attrition rate and other unexpected factors, we increased the sample by 10%, and the 

required sample size was 22 patients. (23)  All analyses considered a significance level of α < 

0.05 for two-tailed tests. To analyze the data, we used the software SPSS version 22.0  

(SPSS, Chicago, IL, USA).  

 

3. RESULTS 

 

3.1. Sample Characterization 

A total of 46 volunteers were enrolled in the study, and five were excluded (one from 

the FM group due to problems with the fNIRS registration and four from the HC group due to 

acute illness and use of antidepressant). The comparisons between groups related to socio-

demographic and clinical characteristics are presented in Table 1. Groups differed 

significantly in all characteristics, in a sense that FM patients were older, with higher body 

mass index, with less year of study. As expected, FM showed more severe clinical symptoms 

and higher medication use.   Data are presented in table 1. 

   ----------------------------- Insert Table 1 ------------------------ 
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Table 1. Demographic and clinical characteristics for the total sample (n= 41).   

 
Fibromyalgia 

(n=22) 

Controls 

 (n=19) 
 

Demographic variables Mean SD Mean SD p-value 

Age (years) 47.14 9.49 34.68 12.45 0.001 

Body mass index$ 27.83 4.17 23.12 3.37 0.001 

Years of study 13.55 2.74 17.29 3.31 <0.001 

Clinical variables and psychological measures      

Beck Depression Inventory (BDI-II) total score 28.45 12.07 7.53 9.39 <0.001 

Strait-Trait Anxiety Inventory – short version (STAI-SV) – State scale 30.00 7.34 22.32 6.48 0.001 

Strait-Trait Anxiety Inventory – short version (STAI-SV) – Trait scale$ 27.81 3.44 18.11 4.53 <0.001 

Outcomes variables       

Brazilian Pain Catastrophizing Scale (B-PCS) total score 39.27 8.40 7.37 12.57 <0.001 

Brazilian Portuguese Central Sensitization Inventory (BP-SCI)  71.18 13.72 21.37 11.19 <0.001 

Portuguese Profile of Chronic Pain Screen (BP-PCP:S) total score 71.95 15.56 14.11 15.54 <0.001 

BP-PCP:S – Severity 25.68 3.24 6.74 6.37 <0.001 

BP-PCP:S – Activity 27.50 9.74 4.47 7.43 <0.001 

BP-PCP:S – Emotional burden 18.77 5.00 2.89 4.01 <0.001 

Medication use 
Yes/

No 

% 

Yes 

Yes/

No 

% 

Yes 
 

Psychiatric medication use      

Benzodiazepine 4/18 18.2 -- -- -- 

Antidepressant 12/10 54.5 -- -- -- 

Anticonvulsant 10/12 45.5 -- -- -- 

Regular analgesic use 20/2 90.9 -- -- -- 
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Notes: SD = standard deviation. All p-values are based on Mann-Whitney test, except for “regular analgesic use” 

which is based on Fisher’s exact test. $ = missing data for FM group with n=21. 

 

 

3.2. Cortical activation evaluated by the HbO concentration on bilateral PFC and MC 

evoked by thermal stimuli by right-hand immersion in water at 25ºC and 5ºC 

3.2.1. HbO Peak Latency evoked by thermal stimulus  

The GEE models revealed significant main effects for the group in the peak cortical 

activity at the thermal stimulus range from 25ºC to 5ºC [Wald χ2 = 5.39, df=1, P=0.02, 

Cramer’s V = 0.36].  However, we found a difference in neither temperature effects nor 

interaction between temperature and group. Despite fibromyalgia showed a shorter peak 

latency for HbO at the left MC, when compared to the within-group change, this peak latency 

was equal to 15.50% [mean (SD) 5.61 (0.52)/ 6.48 (0.62)] compared to 1.11% in controls 

[8.09 (0.90)⁄ 8.00 (0.73)], respectively.   

3.2.2. Variations in the concentration of HbO on bilateral PFC and MC  

The GEE models revealed a significant temperature effect in the ΔHbO at left MC 

after the thermal stimulus at 25ºC to 5ºC) [Wald χ2 = 5.71, df=1, P=0.02; Cramer’s V = 

0.37].  The main effect indicated that at 5ºC was a higher ΔHbO than 25ºC. This increase in 

FM patients was equal to 46.15% [mean (SD) 0.39 (0.06) ⁄0.57(0.08)] compared 63.63% in 

controls [mean (SD) (0.44 (0.06) /0.72 (0.13)]. However, we found a difference neither 

between the group nor in the interaction between temperature and group.  

3.2.3. Variations in the concentration of HbO evaluated by delta value upon thermal 

stimulus 

The GEE models revealed a significant temperature effect in the ΔHbO in both PFC 

and MC. The main effect indicated higher on the ΔHbO at 5ºC compared to 25ºC in the MC 
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and the PFC of both brain hemispheres. For the fibromyalgia on the left PFC this increase 

was equal to 32.36% [mean (SD) 0.23 (0.03) /0.34 (0.05)] compared to 86.66% in controls 

[mean (SD) 0.30 (0.05) ⁄0.56 (0.14)] [Wald χ2 = 5.33, df=1, P=0.02; Cramer’s V = 0.36]. For 

the FM on the right PFC, this increase was equal to 54.54% [mean (SD) 0.22 (0.04)/0.34 

(0.07)] compared to 52% in controls [mean (SD) 0.25 (0.05) ⁄ 0.38 (0.08)] [Wald χ2 = 5.07, 

df=1, P=0.02; Cramer’s V = 0.35].  

For fibromyalgia on the left MC this increase was 117.64% [mean (SD) 0.17 

(0.04)/0.37 (0.06)] compared to 92.85% in the controls [mean (SD) 0.28 (0.05) ⁄0.54 (0.11)] 

[Wald χ2 = 13.15, df=1, P=0.02; Cramer’s V = 0. 57].   For FM on the right MC this increase 

was 60% [0.15 (0.03)/0.24 (0.05) compared to 34.62% in controls [mean (SD) 0.26 (0.05) 

⁄0.35 (0.07)] [Wald χ2 = 3.82, df=1, P=0.02; Cramer’s V = 0.30]. We found an interaction 

effect between group and temperature on the activation of both MC. However, we found a 

difference between the groups. 

--------------------- insert table 2 ----------------------- 
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Table 2. Generalized Estimating Equations (GEEs) to compare the cortical activation 

parameters induced by thermal stimulus (25ºC and 5ºC) on the bilateral PFC and MC between 

fibromyalgia patients and controls (n = 41). Data are presented as mean and standard error 

(SE) (n = 41). 

  

Fibromyalgia (n=22) Controls (n=19) 

Group effect 
Temperature 

effect  

Group* 

Temperature 

interaction  
25ºC 5ºC 25ºC 5ºC 

Mean (SE) Mean (SE) Mean (SE) Mean (SE) 
Wald 

χ2 
P 

Wald 

χ2 
P 

Wald 

χ2 
P 

Oxyhemoglobin (HbO) peak latency         

PFC left 4.95 (0.51) 6.33 (0.71) 7.26 (0.79) 6.71 (0.81) 2.84 0.092 0.45 0.503 2.4 0.122 

PFC right 5.73 (0.67) 5.74 (0.66) 7.08 (0.73) 6.07 (0.71) 1.08 0.298 0.82 0.365 0.84 0.359 

MC left 5.61 (0.52) 6.48 (0.62) 8.09 (0.90) 8.00 (0.73) 5.39 0.020 0.63 0.427 0.95 0.331 

MC right 5.36 (0.56) 5.40 (0.78) 6.98 (0.79) 5.53 (0.83) 1.00 0.317 1.41 0.235 1.56 0.212 

Delta value of oxyhemoglobin (ΔHbO) - from baseline to peak amplitude of the curve   

PFC left 0.35 (0.05) 0.41 (0.05) 0.39 (0.10) 0.49 (0.10) 0.42 0.519 2.6 0.107 0.14 0.712 

PFC right 0.35 (0.07) 0.44 (0.06) 0.32 (0.05) 0.44 (0.06) 0.05 0.818 3.17 0.075 0.08 0.777 

MC left 0.39 (0.06) 0.57 (0.08) 0.44 (0.06) 0.72 (0.13) 1.24 0.265 6.90 0.009 0.27 0.603 

MC right 0.35 (0.05) 0.45 (0.06) 0.50 (0.07) 0.44 (0.05) 1.48 0.223 0.12 0.729 2.13 0.144 

Delta value of oxyhemoglobin (ΔHbO) - based on the peaks of HbO at 5OC and 25OC 

PFC left 0.23 (0.03) 0.34 (0.06) 0.30 (0.05) 0.53 (0.14) 2.01 0.157 5.33 0.021 0.55 0.457 

PFC right 0.22 (0.04) 0.34 (0.07) 0.25 (0.05) 0.38 (0.08) 0.3 0.581 5.07 0.024 0.02 0.889 

MC left 0.17 (0.04) 0.37 (0.06) 0.28 (0.05) 0.54 (0.11) 3.05 0.081 13.15 <0.001 0.22 0.637 

MC right 0.15 (0.03) 0.24 (0.05) 0.26 (0.05) 0.35 (0.07) 3.7 0.054 3.82 0.051 <0.01 0.952 

Notes. SE = standard error; ΔHbO = Change of HbO from pre to post-stimulation; ΔHbO_ASE = Change pre to 

post-stimulation end; PFC = pre-frontal cortex area; MC = motor cortex area; HbO = oxyhemoglobin.   

 

3.2.4. The fNRIS measures indexed by the delta value of oxyhemoglobin (ΔHbO) based on 

the peaks of HbO at 5OC and 25OC to screen fibromyalgia and controls  
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The ΔHbO value based on the peaks of HbO at 5OC and 25OC measures in either on 

the right and left PFC with their respective cutoff point to reach at least 85% or higher 

sensitivity, 80% or higher in the specificity and the  AUC analysis to discriminate 

fibromyalgia than controls are showed in Table 3. 

-------------------insert table 3--------------------------------- 

Table 3. ROC analysis to screening fibromyalgia cortical activation than controls according 

to the right and left PFC activation based on ΔHbO based on the peaks of HbO at 5OC and 

25OC (n = 42). 

AUC 95% CI CI 95% Cutoffs Sensitivity 1 - Specificity 

ΔHbO based on the peaks of HbO at 5OC and 25OC on the left PFC 

0.63 (0.45 - 0.80) -2.0800 1.000 1.000 

  -.7650 .950 1.000 

  -.4250 .900 1.000 

  -.3950 .900 .938 

  -.3750 .900 .875 

  -.2800 .850 .875 

  -.1950 .800 .875 

  -.1750 .800 .813 

ΔHbO based on the peaks of HbO at 5OC and 25OC on the right PFC 

0.60 (0.42 – 0.79) -1.6000 1.000 1.000 

  -.5600 .950 1.000 

  -.4750 .950 .938 

  -.3350 .900 .938 

  -.2350 .900 .875 

  -.2050 .850 .813 

AUC: area under the curve; CI: confidence interval; ROC: receiver operator characteristics. 
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3.3. Analysis of the association between the PFC and MC activation by thermal stimulus 

(25ºC and 5ºC) with FM symptoms  

We firstly assessed if the delta value range of the HbO peak according to the thermal 

stimulus (at 5OC minus HbO 25OC) is related to specific symptoms of FM (see Table 4). The 

severity of disability due to pain and the severity of central sensitization symptoms were 

positively correlated with the delta value of HbO based peak at 5OC and 25OC on the left 

PFC. Thus, the disability due to pain, central sensitization symptoms were subsequently 

entered as dependent variables in the multivariate linear regression model. The delta value of 

HbO based peak at 5OC and 25OC on both PFC were entered as the independent variables 

(Table 5). 

-------------------insert table 4--------------------------------- 

Table 4. Spearman correlation coefficients of the relationship between fibromyalgia symptoms 

with the delta value of oxyhemoglobin (ΔHbO, based on the peaks of HbO at 5OC and 25OC) 

in either the PFC and the MC (n=22). 

 (1) (2) (3) (4) (5) (6) 

Portuguese Profile of Chronic Pain Screen (BP-PCP:S) total score (1) 1      

Central Sensitization Inventory (BP-SCI) total score (2) .64** 1     

 (Δ)HbO based on the peaks of HbO at 5OC and 25OC on the left PCF (3) .40* .60** 1    

 (Δ)HbO based on the peaks of HbO at 5OC and 25OC on the right PCF (4) .09 .24 .80** 1   

 (Δ)HbO based on the peaks of HbO at 5OC and 25OC on the left MC (5) -.06 .18 .48* .69** 1  

 (Δ)HbO based on the peaks of HbO at 5OC and 25OC on the right MC (6) .01 .37 39 .42 .73** 1 

Delta value of oxy-hemoglobine (Δ)HbO based on peak at 5OC  and  peak at 25 OC; prefrontal cortex (PFC);  

motor cortex (MC). Correlation is significant at the 0.01 level (2-tailed).** Correlation is significant at the 0.05 level (2-tailed).* 

(BP-PCP:S). 

 

3.3.1. The relationship between changes in the cortical activation evoked by the thermal 

stimulus with symptoms of central sensitization and disability due to pain in FM   
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Generalized Linear Models assessed the relationship between dependent variables 

(disability due to pain and central sensitization scores) and delta values of ΔHbO, according 

to the peaks HbO evoked by thermal stimuli of 5OC and 25OC. The results of these adjusted 

multivariate models are presented in Table 5.  On the left PCF, the (Δ)HbO peak was 

positively correlated with the disability due to pain and the central sensitization symptoms. In 

contrast, on the right PFC, the ΔHbO peak was conversely associated with the disability due 

to pain and central sensitization symptoms.  

-------------------- Insert table 5----------------------- 

Table 5.  Generalized Linear Models of the association between the disability for daily 

activities due to pain and central sensitization scores with the delta value of oxyhemoglobin 

(ΔHbO) - according to the peaks HbO evoked by thermal stimuli of 5OC and 25OC (n = 22). 

 B Std. Error CI 95% Wald χ2 Df P 

Portuguese Profile of Chronic Pain Screen (BP-PCP:S) total score   

(Intercept) 68.693 2.9084 (62.99 to 74.39) 557.871 1 .000 

 (Δ)HbO based on the peaks of HbO at 5OC and 25OC on 

the left PCF  

48.866 15.0107 (19.44 to 78.29) 10.598 1 .001 

 (Δ)HbO based on the peaks of HbO at 5OC and 25OC on 

the right PCF  

-21.847 10.5653 (-42.56 to -1.14) 4.276 1 .039 

Central Sensitization Inventory (BP-SCI) total score       

(Intercept) 71.538 1.8309 (67.95  to 75.13) 1526.683 1 .000 

 (Δ)HbO based on the peaks of HbO at 5OC and 25OC on 

the left PCF  

31.991 9.1975 (13.96 to 50.02) 12.098 1 .001 

 (Δ)HbO based on the peaks of HbO at 5OC and 25OC on 

the right PCF 

-15.040 6.4418 (-27.67 to -2.41)  5.451 1 .020 

Prefrontal cortex (PFC). 
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3.3.2. The (Δ)HbO value based on the peaks HbO on PFC to mapping patients with more 

disability due to pain and more severe CSS  

We conducted a ROC analysis, stratifying for the cutoff point on ΔHbO based on the 

peaks of HBO set to differentiate the fibromyalgia of controls, -0.175 on the left PFC and -

0.20 in the right PFC (see table 3), respectively. The sensitivity, specificity, and AUC using 

these cutoff points screening patients with higher central sensitization symptoms and higher 

disability due to pain are presented in Table 6.  

-----------------Insert table 6------------------------------- 

Table 6. ROC analysis to screening the severity of fibromyalgia symptoms according to the 

right and left PFC activation based on ΔHbO based on the peaks of HbO at 5OC and 25OC (n 

= 22). 

 AUC 95% CI CI 95% Cutoffs Sensitivity 1 - Specificity 

Portuguese Profile of Chronic Pain Screen (BP-PCP:S) total score 

 (Δ)HbO based on the peaks of HbO at 5OC and 25OC on the left PCF  

 0.58  (CI 95%, 0.21-0.95) -0.175 100 100 

 (Δ)HbO based on the peaks of HbO at 5OC and 25OC on the right PCF  

 0.59  (CI 95%, 0.20-0.97) -0.20   100 100 

Central Sensitization Inventory (BP-SCI) total score 

 (Δ)HbO based on the peaks of HbO at 5OC and 25OC on the left PCF  

 0.82 (CI 95%, 0.61-100) -0.175 100 100 

 (Δ)HbO based on the peaks of HbO at 5OC and 25OC on the right PCF  

  0.68  (CI 95%, 0.29-100) -0.20   100 100 

AUC: area under the curve; CI: confidence interval; ROC: receiver operator characteristics. 
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4. DISCUSSION 

These results showed that the experimental paradigm of contrasting thermal stimuli, 

from 25 °C to 5 °C, based on HbO might be a useful surrogate marker to identify dysfunction 

in pain processing areas. We found a larger temperature effect in the ΔHbO in the MC of 

fibromyalgia than controls. In contrast, on the left PFC, this increase in the ΔHbO was lower 

in fibromyalgia than in controls. These results corroborate the hypothesis that the magnitude 

of changes in the cortical activation based on the ΔHbO (peaks of HbO from 5 °C to 25 °C) 

at the PFC might be a sensitive marker to map the dysfunctional neuronal activities.  They 

permit to differentiate the activation pattern in fibromyalgia compared to controls and to 

identify those fibromyalgia patients prone to disability due to pain and more severe CSS.  

The hemodynamic signal is known to have inter-subject variability and inter-trial 

variations. Despite this, these results showed that these indirect metabolic activity measures 

might help identify dysfunctional cortical processes associated with the severity of clinical 

symptoms in a well-defined experimental paradigm. We found that fibromyalgia subjects 

showed a shorter peak latency of the HbO at the left MC compared to controls. This result is 

aligned with a previous study that found lower maximal and average changes in HbO 

concentration at both the left and the right PFC compared to healthy controls during a breath-

holding task.(24) Also, another study using fNIRS found reduced brain activity over the frontal 

regions during a verbal fluency test (VFT) in fibromyalgia compared to controls.(25) 

According to earlier studies, a more significant short intracortical inhibition was found in 

fibromyalgia compared to healthy subjects.(26) Thus, this set of findings suggests reduced 

cortical activation in fibromyalgia, which may indicate deterioration in cortical processing 

function. 

The relevance of these findings is to show a framework for understanding the 

relationship between cortical areas’ function in pain processing and clinical symptoms related 
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to CSS and disability due to pain. In this regard, they open an avenue to identify measures 

with the potential to be biomarkers, since they integrate the function of cortical areas 

involved in underpinning fibromyalgia symptoms. These areas have also been targeted by 

therapeutic approaches, such as tDCS and repetitive TMS (rTMS). According to 

experimental studies, there is an analgesic effect on pain induced by non-invasive brain 

stimulation techniques such as rTMS (27) and tDCS. (28, 29, 30, 31, 32) The extended home-based 

use of tDCS on the left dorsolateral PFC (DLPFC) improved pain, psychological symptoms, 

sleep quality, and disability due to fibromyalgia.(28) The use of tDCS on the left DLPFC 

improved attention, working memory, and pain in fibromyalgia (33 34) and depressive 

symptoms in major depressive disorders.(35, 36)  In contrast, activation of the M1 seems to 

interact with the cortical regions responsible for pain processing and modulation function on 

the M1-thalamic inhibitory networks.  

Accordingly, these findings have the potential to reveal whether treatment effects are 

related to changes in these cortical processing areas. Their relevance from a clinical 

perspective is to generate data that integrate measures of a pathological state that drives PFC 

changes, culminating in pain amplification and cognitive problems. This hypothesis is 

supported by preclinical studies on chronic neuropathic pain, where a loss in activity of 

prelimbic PFC pyramidal neurons was observed, which signaled to the PAG, a central 

structure of the descending modulation pain system.(37, 38)  Hence, PFC deactivation might 

explain the disruption of this descending analgesic circuitry and susceptibility to greater 

clinical symptoms. Human neuroimaging studies also show a loss of fiber track density and 

reorganization of white matter connectivity from the PFC to the insula, basal ganglia, and 

other regions involved in pain processing. (39,40)  These changes also encompass the anterior 

cingulate cortex (ACC), and they indicate a disruption of the PFC output in chronic pain 

patients. (39,40)   
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The involvement of PFC in pain processing is supported by a human experimental 

study using a standardized stimulus. Unilateral right accessory spinal nerve electrical 

stimulation showed an ipsilateral DLPFC activation. (41)   Despite the sample of this 

experimental study comprising only healthy males, it corroborates the role of the PFC by 

functional spectroscopic mapping of pain-processing cortical areas related to sensory-

discriminative and affective-motivational pain dimensions. Likewise, results of a meta-

analysis of studies employing experimental pain stimuli indicate a positive association of the 

following brain areas with pain processing: primary and secondary somatosensory cortices, 

insular cortex, ACC, PFC, and thalamus. (42)  Thus, this result find support in the anatomic 

perspective, since the discrimination of pain intensity by the ventral pathway activates the 

PFC bilaterally, and the spatial discrimination by the dorsal direct path from the posterior 

parietal cortex triggers the DLPFC.(43)   

The main contribution of our findings is to extend the literature integrating 

neurophysiological measures with clinical data with the perspective of accelerating the 

translation of surrogate measures to results to apply at the bedside. The ΔHbO based on the 

peaks at 5 °C and 25 °C at the left PFC was positively correlated with the disability due to 

pain and CSS. In contrast, the change in the ΔHbO at the right PFC by the same thermal 

stimulus was conversely correlated with the severity of these clinical symptoms. This 

suggests an imbalance of inter-hemispheric activation. It tends to be more pronounced in the 

left, either in the MC and PFC. One hypothesis to explain these findings is that some target 

areas are activated to the detriment of other circuits’ deactivation. Thus, this imbalance may 

be related to functional lateralization of the amygdala in the context of pain. In general, the 

amygdala’s right central nucleus tends to have a pronociceptive role, while the left has an 

antinociceptive role. (44) One hypothesis is that the disturbed balance of this system results in 

chronic pain conditions. Although the explanation for this imbalance is not clear, it may be 
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due to the maintenance of neuronal hyperexcitability in the central left nucleus of the 

amygdala to counteract the pain-driving effect of the right central nucleus of the amygdala. 

(44)  However, studies related to amygdala lateralization in the context of pain are only 

beginning, and there are many different elements to consider that will vary significantly 

based on pain mechanism. We acknowledge that this hypothesis remains relatively broad, but 

a better comprehension of lateralization on pain processing is relevant to the therapeutic 

perspective mentioned above. However, the specific intricacies necessary to fully understand 

how lateralization functions on pain will need further studies that specifically address side as 

a variable. 

The receiver operator characteristics (ROC) analysis was used to screen the severity 

of fibromyalgia symptoms observed after the left PFC activation based on ΔHbO peaks at 25 

°C and 5 °C.  The cutoff was defined setting the AUC to offers 100% sensitivity and 98% 

specificity to screen fibromyalgia patients versus controls (Table 2). It offered an AUC of 

0.82 to screen for severity of CSS. As mentioned above, this result can be a consequence of 

lateralization of the antinociceptive response. This more considerable change of cortical 

activation in fibromyalgia suggests a deteriorated function of the PFC in pain processing. 

More precisely, from a conceptual perspective, our findings might explain the 

pathophysiological processes that underlie fibromyalgia, since they integrate the severity of 

symptoms with dysfunctional changes in cortical areas involved in the cardinal sign of PFC 

dysfunction, such as cognitive impairment. (45)    Additionally, the dysfunction of the PFC 

might explain the central sensitization-related clinical variables, such as depressive 

symptoms, insomnia symptoms, perceived level of disability, (46duration of pain, current pain 

intensity, (47) average pain intensity, and pain catastrophizing. (33) 

We assumed that cortical activation changes could not be interpreted as a direct 

response to nociceptive stimuli since the hemodynamic response is an alternative marker of 
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neuronal activity. Accordingly, the increase in cortical activation in the PFC during the 

thermal tests and its association with clinical symptoms due to pain reinforce the hypothesis 

that, at some level, that these changes are related to cortical pain processing and correlate 

symptoms. Even though we cannot interpret them as a cause-effect response, their 

contextualized interpretation can help investigate the function of cortical brain in targeting 

areas involved in pain processing and areas targeted by therapeutic approaches. Our findings 

agree with some of the literature supporting fNIRS measures as a reliably sensitive central 

measure to comprehend the cortical effect of painful stimulation.(48)  Yücel et al. (2015) found 

that in the healthy subject, the BOLD signals assessed by fNIRS detected a greater activation 

in the M1 upon painful stimulus but no critical changes in the PFC. Although many studies 

have investigated cortical activation using fNIRS in fibromyalgia, a novelty of the current 

study is the distinct paradigm used. (48, 49)   We used two specific thermal stimuli, one painful 

(5 °C) and another non-painful (25 °C), to evaluate whether they evoked a contrastable effect 

on cortical activation, and these changes could be related to clinical symptoms. We realize 

that it is a positive contribution to makes comparisons more feasible. Although these results 

indicate changes by indirect means (metabolic and vascular), they give us new insights to 

study in real time the effect of different paradigms to evaluate cortical dysfunction related to 

chronic pain. Additionally, they may be an entry port to assess the complex pain-related 

neural network and to understand the role of the MC and PFC in processing pain signals.  

Although these results offer a perspective to comprehend the role of target areas 

related to pain and emotion using fNIRS that permits an assessment in real time, we need 

parsimony in their interpretation owing to some limitations in the methods and study design. 

First, it is a challenge to maintain fibromyalgia patients in the same position for any length of 

time, and they may even experience scalp pain during hair manipulation. For these reasons, 

we removed some channels in some cases, and sometimes the quality of the signal was poor. 
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However, we know these difficulties are intrinsic to this type of measure. Second, we identify 

differences between groups related to age, formal education years, psychiatric disorders, and 

medication, several of which are expected. Even though some confounding effects cannot be 

fully controlled, we found results that indicate differences between groups with biological 

plausibility. Third, this is a physiological-basis study involving cortical pain processing and 

given the known difference between sexes in pain processing, we included only female 

subjects. We understand that this restricts external validity. However, it permitted us to 

reduce the potential confounding effect of sex on our measures. This is plausible since 

women are more susceptible to negative emotional responses such as fear of pain,(50) stress, 

and anxiety.(51)    Finally, further research is needed to assess the cortical brain activation in 

chronic pain under different experimental paradigms, such as behavioral tests to determine a 

cognitive and emotional response, motor tasks, and changes related to effects of different 

therapeutic approaches (e.g., tDCS, TMS, etc.). 

In conclusion, these results indicate that cortical activation based on the ΔHbO on the 

PFC might be a sensitive marker to discriminate fibromyalgia’s cortical processing and to 

screen those patients with more disability due to pain and more severe CSS. Overall, they 

offer insight toward comprehending the cortical function in the pathophysiology of primary 

chronic pain as well as the modifications of the cortical function of these target areas in 

response to an effective treatment. 
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Figures

Figure 1

The fNIRS' optodes montage. Black dots represent detectors, and white dots represent sources. LEFT
PREFRONTAL CORTEX = Channel 1-9 plus 11 and 12. RIGHT PREFRONTAL CORTEX– Channel 12 – 20
plus Channel 9 and 10. RIGHT MOTOR CORTEX – Channel 21-30. LEFT MOTOR CORTEX – Channel 31-
40.



Figure 2

Timeline of the experimental paradigm. Timeline of each assessment pre- and post-thermal stimuli with
the temperature at 25°C and 5°C. The cold test was induced by the immersion of the right hand in the
water for 30 seconds or until feeling the �rst pain sensation, with the temperature of 25°C and 5°C and a
break of 2 minutes between each trial. The temperature was controlled through a digital thermometer.
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