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Abstract

:

Background: In this study, we aimed to assess the factors that predict a dysfunctional conditioned pain modulation (CPM) in chronic knee OA. Methods: This is a cross-sectional analysis of patients with chronic knee OA from a prospective cohort study in Brazil (n = 85). We performed linear and logistic multivariate regression models using the purposeful selection approach to test the relationship between the CPM in both knees (average) as a dependent variable and demographics, clinical, and neurophysiological as independent variables. Results: A significant negative association between WOMAC pain scores and CPM (β: −0.13) was found. This association was modified by the subjects’ race, being stronger in the non-white subjects. In our logistic regression models, pain intensity indexed with the WOMAC pain scale remained a significant association with dichotomized CPM. Furthermore, a significant CPM association with balance, indexed with the Berg Balance score, was evidenced (β: 0.04). Neurophysiological variables showed a significant negative relationship with CPM, such as the relative power of delta oscillations in the frontal area (β: −3.11) and central area (β: −3.23). There was no significant relationship between CPM and the following domains: cognitive, emotion, sleep, opioid receptor polymorphisms, and intrinsic variables of OA disease. There was no association of CPM with TMS-indexed inhibitory markers. Conclusions: These results may indicate that less function of the pain descending inhibitory system in patients with OA is correlated with higher activity-related pain (WOMAC), less balance, and cortical plasticity especially with increased low-frequency (delta) brain oscillations. These associations seem modified by race.
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1. Introduction


Osteoarthritis (OA) is a chronic progressive degenerative joint disease characterized by pain, stiffness, and movement restriction [1]. The most common site of OA is the knee joint, and OA is one of the leading causes of disability and chronic pain in the elderly population [1,2]. The underlying mechanism of pain in OA is yet to be elucidated. The localized inflammation process is a core event; however, it is also believed to be accompanied by a state of hypersensitivity involving cascades of peripheral and central sensitization as well as modulation by descending pathways [3,4,5].



Studies have investigated how these mechanisms are implicated in the chronic pain experience in OA. Although there is no gold standard measure of pain sensitization in humans, Quantitative Sensory Testing (QST) is the most frequently used paradigm to study nociception [6]. Conditioned Pain Modulation (CPM) is an experimental dynamic QST measure that is thought to reflect the activity of the endogenous pain modulation system–a supraspinal top-down modulation of pain processing. Under certain experimental settings, it mediates the phenomena of “pain inhibits pain”. The experiment typically consists of an evaluation of the change in the response to a painful test stimulus before and after the delivery of a conditioning noxious stimuli. Most healthy individuals report a reduction in nociception [7,8]. Therefore, as an emerging pain biomarker, it needs more research to validate and better understand how CPM works and its relationships with other different variables [9].



The impairment of this mechanism (i.e., no changes or augmented pain perception after a conditioning stimulus) is suggested to be a key factor in the development and maintenance of chronic musculoskeletal pain syndromes [6,10].



Dysfunctional CPM is a replicated finding in OA pain studies [11,12,13,14]. However, CPM is not homogeneously affected across different KOA samples and strata, and the clinical, functional, and neural correlates of CPM status well established [14,15,16,17]. Therefore, CPM presents itself as a promising tool that could be used to assess the pain phenotype of subjects with OA [18] and create individualized tailored pain treatment. To accomplish this, it is crucial to acquire a better understanding of the CPM paradigm, including the factors that affect it. For this reason, the objective of our study is to assess the factors that predict a dysfunctional CPM in our sample of chronic knee OA. Based on previous literature, we hypothesize that the female sex, older age, black race, the presence of theta and delta waves, higher short intracortical inhibition (SICI) conveyed by transcranial magnetic stimulation (TMS), and higher pain catastrophizing and pain scores would contribute to an impaired CPM [19,20,21,22,23].




2. Materials and Methods


2.1. Study Design and Participants


This is a cross-sectional analysis of patients with chronic knee OA (n = 85) from a prospective cohort study “Deficit of Inhibition as a Marker of Neuroplasticity (DEFINE study) in rehabilitation” [24] in São Paulo, Brazil. This study was approved by the Research and Ethical Committee of Hospital das Clínicas da Faculdade de Medicina da Universidade de São Paulo (HC FMUSP) (Registration number: 86832518.7.0000.0068) and follows the Brazilian research ethics regulations and the Declaration of Helsinki. For further information regarding the inclusion/exclusion criteria, see Text S1 in Supplementary material.



The study sample consisted of 85 subjects from the Instituto de Medicina Física e Reabilitação (IMREA) during the year 2019. The participants included fulfilled the following inclusion criteria: (1) be older than 18 years of age; (2) be male or female; (3) have a clinical and radiological (magnetic resonance imaging or computerized tomography, or bilateral knee radiography) diagnosis of knee osteoarthritis; (4) have clinical stability verified by medical evaluation; (5) have signed the informed consent to participate in the study personally or by his/her legal representative; and (6) meet the eligibility criteria for the IMREA rehabilitation program [24].



The exclusion criteria were the following: (1) pregnant women; (2) have an active osteoarthrosis with clinical manifestations in joints different than the knee; and (3) have any other clinical and/or social conditions that make it difficult for the subject to participate in the rehabilitation treatment.




2.2. Assessments


In the baseline visit, a trained physician performed and collected data from the participants regarding demographic variables and clinical, functional, and neurophysiological assessments.




2.3. Demographic Variables


We collected the participant’s information about their sex, age, race, educational level, weight, height, and body mass index. Race included white, black, mixed, and Asians. For the analysis of race, we decided to create two groups: the first group is the black race group that includes the black and mixed-race participants, and the second group is the non-black race group that includes the white and Asian participants.




2.4. Pain-Related Variables


We used different scales for the assessment of pain: the visual analog scale for pain (VAS Pain), the 36-item short form (SF-36), and the Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) pain scale.



Moreover, we used quantitative sensory testing (QST) for experimental pain assessment that included the following:



Pressure Pain Threshold (PPT) consists of a test where pressure is applied to a pre-specified region (thenar and above the knee) using an algometer with the objective to identify the minimum amount of pressure that triggers pain [25]. Three measurements with an interval of 15 s between them were made, and the average was calculated.



Conditioned pain modulation (CPM): We used a CPM protocol based on changes in PPTs [26,27].



Participants were asked to immerse one hand in a cold-water recipient (10–12 °C) for 1 min. After 30 s of immersion, the investigator showed VAS Pain so the subject could identify his/her level of pain related to the submerged hand. Then, three algometry measures (with intervals of 15 s) on the contralateral hand were taken, and then, the average of these measurements was recorded. After an interval of 10 min (time for the body temperature to return to normal) the other hand was immersed in the cold water and followed the same protocol aforementioned [27]. The CPM response was calculated using the difference between the average PPTs minus the average PPTs during the conditioned stimulus. Positive values were related to an effective CPM, and negative values were associated with an ineffective CPM. Moreover, to assess for clinical significance, we categorized our results in effective CPM if there was a change greater than 10% and ineffective CPM if there was a change lower than 10% [28,29].




2.5. Clinical Scales


The clinical domains of emotion, cognition, catastrophizing, sleep, motor function, balance, and functionality were measured with clinical standardized scales. In order to assess emotion, the Hamilton Depression Rating Scale (HAM-D) and the Hospital Anxiety and Depression Scale (HADS) were used. For catastrophizing, we used the Pain Catastrophizing scale and, for cognition, the Montreal Cognitive assessment (MOCA). In order to assess sleep and general functionality, we performed the Epworth sleepiness scale and the Medical Outcomes Short-Form Health Survey (SF-36), respectively. Moreover, to assess motor function, we used the Berg Balance Scale, the 10 m walking test, the 6 min walking test, and the Time Up and Go (TUG) test. In this study, we also aimed to assess the disease severity using the Kellgren–Lawrences Radiographic Classification of OA.




2.6. Genetic Variables


We assessed the genetic polymorphisms of the ABO system gene (rs505922), two polymorphisms of the OPRM1 gene (rs1799971 and rs1799972) and their possible relationship with pain, and a polymorphism of the BDNF gene (rs6265) [30].




2.7. Neurophysiological Variables


2.7.1. Transcranial Magnetic Stimulation (TMS)


In our study, we employed the Magstim Rapid® stimulator (The Magstim Company Limited, Whitland, UK) to evaluate TMS measurements. The resting motor threshold (rMT) was defined as the minimum intensity required for a single TMS pulse at the hot spot to produce a motor evoked potential (MEP) with a peak-to-peak amplitude of at least 50 μV in 5 out of 10 attempts [31]. We conducted various assessments, including MEP (at 120% of rMT with peak-to-peak amplitude calculation) and cortical silent period (CSP), which indicates the temporary suppression of electromyographic activity during sustained voluntary contraction. Additionally, we conducted paired-pulse protocols to assess intracortical inhibition (SICI) using interstimulus intervals of 2 ms and intracortical facilitation (ICF) using 10 ms interim stimulus intervals [31]. We applied ten randomized stimuli at each interval and calculated the averages. To obtain a bi-hemispheric average, we pooled the results of rMT, CSP, SICI, ICF, and MEP from both hemispheres. This approach is justified considering the bi-hemispheric nature of pain perception [32].




2.7.2. Resting-State Electroencephalography (EEG)


For the resting-state EEG recordings, we followed a standardized procedure in a quiet room [33]. The participants were instructed to sit comfortably, gaze naturally below the horizon, refrain from moving or talking, and relax as much as possible. The investigator ensured that the participants did not fall asleep by observing them and alerting them verbally if drowsiness was detected. We recorded the resting-state EEG for a duration of 5 min with the participants’ eyes closed using a 128-channel EGI system (Electrical Geodesics, Inc.) based in Eugene, OR, USA. We calculated absolute power (μV2) and relative power (power within a specific frequency range divided by the total power from 1 to 40 Hz) for various frequency bands: delta (1–4 Hz), theta (4–8 Hz), alpha (8–13 Hz), beta (13–30 Hz), and two sub-bands that were low beta (13–20 Hz) and high beta (20–30 Hz). To focus on key cortical regions relevant to pain perception, namely the central, parietal, and frontal areas, we selected specific electrodes representing these regions and averaged the EEG measurements accordingly [34].



For more comprehensive details on the questionnaires and assessments used in our study, please refer to Text S1 in Supplementary material.





2.8. Statistical Analysis


Descriptive variables were reported as the mean and standard deviation if normal distributed and the median and interquartile range if non-non normal distributed. Variable distributions were assessed through histograms, q-q plot, kurtosis, and skewness.



Prior to the modeling stage, we searched for known factors that have been related to CPM in previous studies [19,20,21,22,23] and built a Directed Acyclic Graph (DAG) [35] to identify possible confounders to include in our model (Figure 1). The variables Pain Catastrophizing and Race were selected to block the backdoor pathways and, therefore, were adjusted to reduce confounding. Based on our DAG, we forced age and sex into the models due to literature suggesting that they are important biological confounders of CPM. Additionally, we tested effect modification by age and sex including product terms.



We aimed to model the relationship between the CPM in both knees (average) as a dependent variable, since most of the participants presented bilateral symptoms as continuous and categorical. For CPM categorization, we used two approaches: a recently published minimal clinically important difference on CPM for patients with OA [29] (1 = analgesia of 10% of more during CPM, 0 = analgesia of less than 10% during CPM) and a cut-off of zero change on CPM (1 = analgesia present, 0 = no analgesia (zero changes) or facilitation). Demographics, clinical, and neurophysiological variables were included as independent variables.



First, we performed linear and logistic univariate analyses to identify the covariates that would be included in our multivariate analysis. We used a forward approach for the variables selection. Variables with a p < 0.25 were selected (Tables in Supplementary material). We used the purposeful selection approach [36] or the variables selection process for building the model. We started with variables that had p < 0.05 from each one of the domains (demographics, pain-related, functional, general functionality, emotion, sleep, genetics, intrinsic variables of the disease, cognition, and neurophysiologic). Variables were added if they were significant, improved the adjusted R2, and/or were identified as confounders. Confounders were defined as variables that changed the B coefficient by more than 10% when compared to the previous model. The linearity and homoscedasticity assumptions were tested via graphical assessment. During the modeling stage, we assessed for multicollinearity between the variables and found that age and pain catastrophizing were collinear with the motor function variables (indexed as 10 min gait test, Berg Balance Scale [BBS]); thus, we did not include both in the models to maintain the additivity assumption in our models. The sample size calculation is reported in the protocol paper of the original cohort [24], which was estimated to be 100 participants under a very conservative scenario (99% power and alpha of 1%). In this cross-sectional analysis (85 included subjects), we had 84% power based on our previous calculation. The statistical analysis was performed using Stata Statistical Software 14 (Stata Corp LLC, College Station, TX, USA).





3. Results


3.1. Demographics and Characteristics of the Population


Our study sample consisted of 85 subjects with chronic knee OA (82% women and 15% men) aged 50 to 99 years (mean 68.46 years, SD 9.84 years); a total of 33% were black race (Black and mixed), and 67% were non-black (White and Asian). At baseline, the majority of patients had symptoms involving both knees and presented moderate pain. Also, they had low depression, anxiety, and cognitive scores. A detailed description of the sample size can be found in Table 1.




3.2. Pain-Related Variables and CPM


In our first linear multivariate model for pain related variables (Table 2), we found a significant negative correlation between WOMAC pain scores and CPM (β: −0.13; 95%CI −0.21 to −0.04; p = 0.003), showing that subjects with higher WOMAC pain scores have a less effective CPM response. Moreover, this association can be modified by race; for instance, the magnitude of the association was stronger in the black race group, becoming more negative (Figure 2) compared to their non-black counterparts (interaction WOMAC*race [β: −0.15; 95%CI −0.29 to −0.01; p = 0.031]) (Table S3).



In the logistic multivariate models used to assess for clinical significance of CPM, we found that, when using the cut-off for CPM utilized by Tavares et al., there was a significant indirect correlation between WOMAC pain scores and CPM (OR: 0.79; 95%CI 0.67 to 0.94; p = 0.008), and VAS Pain bilateral also became significant (OR: 0.73, 95%CI 0.56 to 0.96, p = 0.022). In addition, when we assessed the relationships using the zero cut-off for CPM, there was a significant negative relationship between CPM and WOMAC Pain scores (OR: 0.73; 95%CI 0.58 to 0.91; p = 0.007) and also for VAS Pain bilateral (OR: 0.68; 95%CI: 0.49 to 0.95; p = 0.024) (See Tables in Supplementary material).




3.3. Functional Variables and CPM


As some motor function variables, such as the 6- and 10-min walking tests, were found to be collinear with age and pain catastrophizing, a different model (Table 3) was built that removed them to assess this domain. We found that subjects with higher scores in the Berg Balance Scale (BBS) had a direct relationship with CPM (B: −0.08; −0.156 to −0.018; p = 0.030). Moreover, the negative relationship between WOMAC Pain scores and CPM remained significant (β: 0.04; 95%CI: 0.003 to 0.080; p = 0.032).




3.4. Neurophysiological Variables and CPM


The multivariate analysis for brain oscillations and CPM showed that the relative power of delta waves in the frontal area has a strong negative relationship with CPM (β: −3.11; 95%CI: −5.90 to −0.33; p = 0.021) as well as in the central area (β: −3.23; 95%CI: −6.34 to −0.11; p = 0.040) (Table 4). There was no significant relationship between CPM and TMS variables.




3.5. Other Domains


There was no significant relationship between CPM and the following domains: cognitive, emotion, sleep, genetics, and intrinsic variables of the disease.





4. Discussion


Our results showed higher activity-related pain scores (WOMAC) associated with less effective CPM, and the magnitude of the association was larger if the subject was black or mixed race when compared to the other ethnic groups. Moreover, subjects with lower balance scores had a less effective CPM. Regarding neurophysiological parameters, a higher relative power of delta waves in the frontal and central areas was associated with a decrease in the effectiveness of CPM. We did not find a significant relationship between CPM and variables related to cognition, emotion, sleep, opioid receptor polymorphisms, TMS, or intrinsic characteristics of the disease.



4.1. Activity-Related Pain Associated with CPM


In the context of pain and CPM, an interesting paradigm was observed: while pain intensity indexed with the WOMAC scale remained significantly associated with CPM, pain intensity measured with VAS was only significant in our logistic regression models. It would make sense that a scale evaluating pain during daily activities would explain the course of pain and its magnitude [37]. In fact, we believe that a higher activation of the sensorimotor cortex would lead to a larger modulation of the pain and thus a better descending pain inhibitory system (DPMS) [25,38]. It is also possible that lower pain levels lead to more activity or a combination of both. This would ultimately lead to better scores on a balance test indexed with the BBS and lower WOMAC pain scores. In fact, some studies have suggested that VAS and the WOMAC scale measure different pain dimensions, those being a more general emotional dimension and a more sensory-mediated dimension, respectively [39,40]. Another one of our studies has shown emotional variables to predict pain indexed with VAS and functionality variables predicting pain measured through the WOMAC scale [41]. CPM is thought to be associated with the sensory-discriminative dimension of pain, considering it relates more to the primary and secondary somatosensory cortices and spinothalamic aspects of the DPMS, thus reflecting more functional aspects of pain [42]. CPM is possibly impacted by affective/motivational and non-specific pain pathways as it also interacts with areas such as the periaqueductal gray (PAG) [42]. Our results convey, therefore, the WOMAC pain scale as a more robust outcome for pain associated with CPM in osteoarthritis as it remained significant even when CPM was categorized.




4.2. Race as a Socioeconomic Surrogate


The relationship between pain indexed with the WOMAC and CPM was mediated by race in one of our models. Black and mixed-race individuals had more pain and less effective CPM in comparison to their non-black counterparts. Race could be functioning as a surrogate for socioeconomic status, considering the average income of black individuals is half compared to white people in Brazil [43]. In fact, studies in chronic pain convey a lack of significant association between pain and race/ethnicity, relaying socioeconomic status as the only significant predictor of a higher prevalence [44]. This is consistent with other socioeconomic inequalities, as individuals in a socioeconomic disadvantage are more likely to develop chronic pain conditions compared to affluent individuals [45,46,47].




4.3. Balance and CPM


Our results showed patients with better balance had more effective CPM. Balance involves complex intersensory communication in a continuous feedback loop between sensory and motor functions [48]. Pain is thought to interfere with this physiological process and worsen the ability to maintain posture control. This is observed in a meta-analysis showing a significant decrease in multicomponent balance in participants with pain [49]. It also suggests increased duration and perception of pain interfering with balance, possibly due to physiological alterations of higher cognitive areas in the central sensitization theory. Congruent results are observed in the literature for the OA population: a systematic review demonstrated that individuals with knee OA had, in a variety of scales, worsened balance [50].




4.4. Brain Oscillatory Correlates of CPM


We found dysfunctional CPM associated with higher delta relative power in the frontal and central regions. A few studies have assessed the oscillatory patterns associated with CPM in patients with chronic pain [21,22,23,51]. Although there are some contradictory findings, most studies have reported alterations in low-frequency bands such as delta and theta oscillations [21,23,51]. Delta frequencies are generated in the anterior medial frontal cortex and subcortical nuclei like the nucleus accumbens and PAG [52]. These are important regions for pain control and the activation of the DPMS [53]. Mainly, delta oscillatory activity has been associated with compromised neuronal function and cognitive processes [54,55]. Frontocentral delta and theta oscillatory activity could be surrogates of DPMS activation. For instance, Goudman et al. [51] reported predominant delta event-related potentials in healthy subjects, corresponding to top-down nociceptive inhibitory mechanisms attributed to the involvement of the PAG. Thus, we hypothesize that altered oscillatory activity in these bands could represent compromised pain inhibitory control in OA. This is supported by our previous studies in patients with fibromyalgia and neuropathic pain post spinal cord injury, where we reported an association between CPM and higher theta and less event-related desynchronization in the delta band [21,23]. Also, an association between delta oscillatory activity and intracortical inhibition in chronic pain has been reported, suggesting a role of these oscillations in the central sensitization process [56].




4.5. Negative Findings


There is evidence in the literature that age, sex, and emotional outcomes are related with the CPM response [20], which we did not observe. One explanation could be the characteristics of our sample: the majority were women (70%) with similar ages and depression/anxiety scores. This creates a homogeneous sample, thus decreasing the comparison power.





5. Limitations


Considering its exploratory nature, our study has some limitations. First, the absence of a control group in our study prevents us from assuming that the associations found can also be present in patients with OA without pain or healthy subjects. Moreover, we did not perform corrections for multiple analyses, which could have led to an increase in type-two errors in our results. Nonetheless, although our sample size was powered enough to detect the significant association of up to 10 covariates [24], given this is an exploratory study, our results require further confirmation.




6. Conclusions


Our results show worse outcomes in functional scales (such as activity-related pain (WOMAC) and BBS) and higher delta waves in the frontal and central areas of the brain associated with a less efficient CPM. Moreover, race can modify the association between pain intensity and CPM. These results suggest interesting insights of a potential modulation of central nervous areas in CPM, opening the avenue for further exploration. Longitudinal analyses could explore how pain-processing mechanisms are associated with response to treatment, allowing for individualized therapies to be used in clinical practice.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/life13081697/s1. References [24,31,32,33,34,57,58,59,60,61,62,63,64,65,66,67,68,69,70] have been cited.





Author Contributions


All authors designed the study. M.S., M.I., and L.B. collected the data. F.F., K.P.-B., P.S.d.M., and K.V.-A. performed statistical analyses. F.F., K.P.-B., K.V.-A., L.C.-B., I.R.-S., J.P., P.S.d.M., and A.M. interpreted the data. Further, K.V.-A., K.P.-B., L.C.-B., I.R.-S., J.P., A.M., M.I., and L.B. completed the first draft of the article. F.F. and M.S. reviewed the manuscript. All authors participated in the final interpretation of the results and the writing of the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This study is funded by a grant from “Fundação de Amparo à Pesquisa do Estado de São Paulo” (FAPESP) (SPEC project, fund number 2017/12943-8).




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki, and approved by the Institutional Review Board of Hospital das Clínicas da Faculdade de Medicina da Universidade de São Paulo Ethics Committee for Research Protocol Analysis CAAE: 86832518.7.0000.0068 (05/07/2017).




Informed Consent Statement


Informed consent has been obtained from all individuals included in this study.




Data Availability Statement


The data that support the findings of this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hurley, R.S.J.A. Osteoarthritis: StatPearls. 2022. Available online: https://www.ncbi.nlm.nih.gov/books/NBK482326/ (accessed on 10 May 2023).

	



Schaible, H.G. Mechanisms of chronic pain in osteoarthritis. Curr. Rheumatol. Rep. 2012, 14, 549–556. [Google Scholar]

	



Fingleton, C.; Smart, K.; Moloney, N.; Fullen, B.M.; Doody, C. Pain sensitization in people with knee osteoarthritis: A systematic review and meta-analysis. Osteoarthr. Cartil. 2015, 23, 1043–1056. [Google Scholar]

	



Villafañe, J.H.; Pedersini, P.; Bertozzi, L.; Drago, L.; Fernandez-Carnero, J.; Bishop, M.D.; Berjano, P. Exploring the relationship between chronic pain and cortisol levels in subjects with osteoarthritis: Results from a systematic review of the literature. Osteoarthr. Cartil. 2020, 28, 572–580. [Google Scholar]

	



Villafañe, J.H.; Valdes, K.; Pedersini, P.; Berjano, P. Osteoarthritis: A call for research on central pain mechanism and personalized prevention strategies. Clin. Rheumatol. 2019, 38, 583–584. [Google Scholar] [PubMed]

	



Georgopoulos, V.; Akin-Akinyosoye, K.; Zhang, W.; McWilliams, D.F.; Hendrick, P.; Walsh, D.A. Quantitative sensory testing and predicting outcomes for musculoskeletal pain, disability, and negative affect: A systematic review and meta-analysis. Pain 2019, 160, 1920–1932. [Google Scholar]

	



Kennedy, D.L.; Kemp, H.I.; Ridout, D.; Yarnitsky, D.; Rice, A.S.C. Reliability of conditioned pain modulation: A systematic review. Pain 2016, 157, 2410–2419. [Google Scholar] [PubMed]

	



Yarnitsky, D. Conditioned pain modulation (the diffuse noxious inhibitory control-like effect): Its relevance for acute and chronic pain states. Curr. Opin. Anaesthesiol. 2010, 23, 611–615. [Google Scholar]

	



Fernandes, C.; Pidal-Miranda, M.; Samartin-Veiga, N.; Carrillo-de-la-Peña, M.T. Conditioned pain modulation as a biomarker of chronic pain: A systematic review of its concurrent validity. Pain 2019, 160, 2679–2690. [Google Scholar]

	



Holley, A.L.; Wilson, A.C.; Palermo, T.M. Predictors of the transition from acute to persistent musculoskeletal pain in children and adolescents: A prospective study. Pain 2017, 158, 794–801. [Google Scholar]

	



Arendt-Nielsen, L.; Nie, H.; Laursen, M.B.; Laursen, B.S.; Madeleine, P.; Simonsen, O.H.; Graves-Nielsen, T. Sensitization in patients with painful knee osteoarthritis. Pain 2010, 149, 573–581. [Google Scholar]

	



Edwards, R.R.; Dolman, A.J.; Martel, M.O.; Finan, P.H.; Lazaridou, A.; Cornelius, M.; Wasan, A.D. Variability in conditioned pain modulation predicts response to NSAID treatment in patients with knee osteoarthritis. BMC Musculoskelet. Disord. 2016, 17, 284. [Google Scholar]

	



Graven-Nielsen, T.; Wodehouse, T.; Langford, R.M.; Arendt-Nielsen, L.; Kidd, B.L. Normalization of widespread hyperesthesia and facilitated spatial summation of deep-tissue pain in knee osteoarthritis patients after knee replacement. Arthritis Rheum. 2012, 64, 2907–2916. [Google Scholar] [PubMed]

	



Petersen, K.K.; Arendt-Nielsen, L.; Finocchietti, S.; Hirata, R.P.; Simonsen, O.; Laursen, M.B.; Graven-Nielsen, T. Age Interactions on Pain Sensitization in Patients with Severe Knee Osteoarthritis and Controls. Clin. J. Pain 2017, 33, 1081–1087. [Google Scholar] [PubMed]

	



Carlesso, L.C.; Law, L.F.; Wang, N.; Nevitt, M.; Lewis, C.E.; Neogi, T. Association of Pain Sensitization and Conditioned Pain Modulation to Pain Patterns in Knee Osteoarthritis. Arthritis Care Res. 2022, 74, 107–112. [Google Scholar]

	



Kurien, T.; Arendt-Nielsen, L.; Petersen, K.K.; Graven-Nielsen, T.; Scammell, B.E. Preoperative Neuropathic Pain-like Symptoms and Central Pain Mechanisms in Knee Osteoarthritis Predicts Poor Outcome 6 Months After Total Knee Replacement Surgery. J. Pain 2018, 19, 1329–1341. [Google Scholar]

	



Teixeira, P.E.P.; Zehry, H.I.; Chaudhari, S.; Dipietro, L.; Fregni, F. Pain perception in chronic knee osteoarthritis with varying levels of pain inhibitory control: An exploratory study. Scand. J. Pain 2020, 20, 651–661. [Google Scholar]

	



Yarnitsky, D.; Granot, M.; Granovsky, Y. Pain modulation profile and pain therapy: Between pro- and antinociception. Pain 2014, 155, 663–665. [Google Scholar]

	



Foucher, K.C.; Chmell, S.J.; Courtney, C.A. Duration of symptoms is associated with conditioned pain modulation and somatosensory measures in knee osteoarthritis. J. Orthop. Res. Off. Publ. Orthop. Res. Soc. 2019, 37, 136–142. [Google Scholar]

	



Ramaswamy, S.; Wodehouse, T. Conditioned pain modulation—A comprehensive review. Neurophysiol. Clin. 2021, 51, 197–208. [Google Scholar]

	



Simis, M.; Pacheco-Barrios, K.; Uygur-Kucukseymen, E.; Castelo-Branco, L.; Battistella, L.R.; Fregni, F. Specific Electroencephalographic Signatures for Pain and Descending Pain Inhibitory System in Spinal Cord Injury. Pain Med. 2021, 23, 955–964. [Google Scholar]

	



Teixeira, P.E.P.; Pacheco-Barrios, K.; Uygur-Kucukseymen, E.; Machado, R.M.; Balbuena-Pareja, A.; Giannoni-Luza, S.; Luna-Cuadros, M.A.; Cardenas-Rojas, A.; Gonzalez-Mego, P.; Mejia-Panod, P.F.; et al. Electroencephalography Signatures for Conditioned Pain Modulation and Pain Perception in Nonspecific Chronic Low Back Pain-An Exploratory Study. Pain Med. 2022, 23, 558–570. [Google Scholar] [CrossRef] [PubMed]

	



Uygur-Kucukseymen, E.; Castelo-Branco, L.; Pacheco-Barrios, K.; Luna-Cuadros, M.A.; Cardenas-Rojas, A.; Giannoni-Luza, S.; Zeng, H.; Gianlorenco, A.C.; Gnoatto-Medeiros, M.; Shaikh, E.S.; et al. Decreased neural inhibitory state in fibromyalgia pain: A cross-sectional study. Neurophysiol. Clin. 2020, 50, 279–288. [Google Scholar] [PubMed]

	



Simis, M.; Imamura, M.; Sampaio de Melo, P.; Marduy, A.; Battistella, L.; Fregni, F. Deficit of Inhibition as a Marker of Neuroplasticity (DEFINE Study) in Rehabilitation: A Longitudinal Cohort Study Protocol. Front. Neurol. 2021, 12, 695406. [Google Scholar] [CrossRef]

	



Reidler, J.S.; Mendonca, M.E.; Santana, M.B.; Wang, X.; Lenkinski, R.; Motta, A.F.; Marchand, S.; Latif, L.; Fregni, F. Effects of motor cortex modulation and descending inhibitory systems on pain thresholds in healthy subjects. J. Pain 2012, 13, 450–458. [Google Scholar]

	



Lautenbacher, S.; Kunz, M.; Burkhardt, S. The effects of DNIC-type inhibition on temporal summation compared to single pulse processing: Does sex matter? Pain 2008, 140, 429–435. [Google Scholar] [CrossRef] [PubMed]

	



Streff, A.; Michaux, G.; Anton, F. Internal validity of inter-digital web pinching as a model for perceptual diffuse noxious inhibitory controls-induced hypoalgesia in healthy humans. Eur. J. Pain 2011, 15, 45–52. [Google Scholar] [CrossRef] [PubMed]

	



Tarragó, M.; Deitos, A.; Brietzke, A.P.; Vercelino, R.; Torres, I.L.S.; Fregni, F.; Caumo, W. Descending Control of Nociceptive Processing in Knee Osteoarthritis Is Associated with Intracortical Disinhibition: An Exploratory Study. Medicine 2016, 95, e3353. [Google Scholar]

	



Tavares, D.R.B.; Okazaki, J.E.F.; Santana, M.V.D.A.; Pinto, A.C.P.N.; Tutiya, K.K.; Gazoni, F.M.; Pinto, C.B.; Santos, F.C.; Fregni, F.; Trevisani, V.F.M. Motor cortex transcranial direct current stimulation effects on knee osteoarthritis pain in elderly subjects with dysfunctional descending pain inhibitory system: A randomized controlled trial. Brain Stimul. 2021, 14, 477–487. [Google Scholar] [CrossRef]

	



Asthana, M.K.; Brunhuber, B.; Mühlberger, A.; Reif, A.; Schneider, S.; Herrmann, M.J. Preventing the Return of Fear Using Reconsolidation Update Mechanisms Depends on the Met-Allele of the Brain Derived Neurotrophic Factor Val66Met Polymorphism. Int. J. Neuropsychopharmacol. 2016, 19, pyv137. [Google Scholar] [CrossRef]

	



Rossini, P.M.; Burke, D.; Chen, R.; Cohen, L.G.; Daskalakis, Z.; Di Iorio, R.; Di Lazzaro, V.; Ferreri, F.; Fitzgerald, P.B.; George, M.S.; et al. Non-invasive electrical magnetic stimulation of the brain spinal cord roots peripheral nerves: Basic principles procedures for routine clinical research application an updated report from an, I.F.C.N. Committee. Clin. Neurophysiol. Off. J. Int. Fed. Clin. Neurophysiol. 2015, 126, 1071–1107. [Google Scholar]

	



Schwenkreis, P.; Janssen, F.; Rommel, O.; Pleger, B.; Volker, B.; Hosbach, I.; Dertwinkel, R.; Maier, C.; Tegenthoff, M. Bilateral motor cortex disinhibition in complex regional pain syndrome (CRPS) type I of the hand. Neurology 2003, 61, 515–519. [Google Scholar] [CrossRef] [PubMed]

	



Nuwer, M.R.; Lehmann, D.; Da Silva, F.L.; Matsuoka, S.; Sutherling, W.; Vibert, J.F. IFCN guidelines for topographic and frequency analysis of EEGs and EPs. The International Federation of Clinical Neurophysiology. Electroencephalogr. Clin. Neurophysiol. Suppl. 1999, 52, 15–20. [Google Scholar] [PubMed]

	



Jensen, K.B.; Regenbogen, C.; Ohse, M.C.; Frasnelli, J.; Freiherr, J.; Lundström, J.N. Brain activations during pain: A neuroimaging meta-analysis of patients with pain and healthy controls. Pain 2016, 157, 1279–1286. [Google Scholar] [CrossRef] [PubMed]

	



Tennant, P.W.G.; Murray, E.J.; Arnold, K.F.; Berrie, L.; Fox, M.P.; Gadd, S.C.; Harrison, W.J.; Keeble, C.; Ranker, L.R.; Textor, J.; et al. Use of directed acyclic graphs (DAGs) to identify confounders in applied health research: Review and recommendations. Int. J. Epidemiol. 2021, 50, 620–632. [Google Scholar] [CrossRef]

	



Bursac, Z.; Gauss, C.H.; Williams, D.K.; Hosmer, D.W. Purposeful selection of variables in logistic regression. Source Code Biol. Med. 2008, 3, 17. [Google Scholar] [CrossRef]

	



Seeley, M.K.; Lee, H.; Son, S.J.; Timmerman, M.; Lindsay, M.; Hopkins, J.T. A Review of the Relationships Between Knee Pain and Movement Neuromechanics. J. Sport Rehabil. 2021, 31, 684–693. [Google Scholar] [CrossRef]

	



Brietzke, A.P.; Antunes, L.C.; Carvalho, F.; Elkifury, J.; Gasparin, A.; Sanches, P.R.S.; da Silva Junior, D.P.; Dussan-Sarria, J.A.; Souza, A.; da Silva Torres, I.L.; et al. Potency of descending pain modulatory system is linked with peripheral sensory dysfunction in fibromyalgia: An exploratory study. Medicine 2019, 98, e13477. [Google Scholar] [CrossRef]

	



Bellamy, N.; Buchanan, W.W.; Goldsmith, C.H.; Campbell, J.; Stitt, L.W. Validation study of WOMAC: A health status instrument for measuring clinically important patient relevant outcomes to antirheumatic drug therapy in patients with osteoarthritis of the hip or knee. J. Rheumatol. 1988, 15, 1833–1840. [Google Scholar]

	



Torrance, G.W.; Feeny, D.; Furlong, W. Visual analog scales: Do they have a role in the measurement of preferences for health states? Med. Decis. Mak. Int. J. Soc. Med. Decis. Mak. 2001, 21, 329–334. [Google Scholar] [CrossRef]

	



Imamura, M.; Pacheco-Barrios, K.; de Melo, P.S.; Marduy, A.; Battistella, L.; Simis, M.; Fregni, F. Maladaptive compensatory neural mechanisms associated with activity-related and non-specific osteoarthritis pain: Dissociation of the neural mechanisms of and VAS pain. PLoS ONE 2023, 19, 158–165. [Google Scholar]

	



Damien, J.; Colloca, L.; Bellei-Rodriguez, C.; Marchand, S. Pain Modulation: From Conditioned Pain Modulation to Placebo and Nocebo Effects in Experimental and Clinical Pain. Int. Rev. Neurobiol. 2018, 139, 255–296. [Google Scholar] [PubMed]

	



Pereira, C. Ethno-Racial POVERTY and Income Inequality in Brazil. In Commitment to Equity Handbook A Guide to Estimating the Impact of. Fiscal Policy on Inequality and Poverty; Lustig, N., Ed.; Brookings Institution Press and CEQ Institute: New Orleans, LA, USA, 2016. [Google Scholar]

	



Janevic, M.R.; McLaughlin, S.J.; Heapy, A.A.; Thacker, C.; Piette, J.D. Racial and Socioeconomic Disparities in Disabling Chronic Pain: Findings From the Health and Retirement Study. J. Pain 2017, 18, 1459–1467. [Google Scholar] [CrossRef] [PubMed]

	



Brekke, M.; Hjortdahl, P.; Kvien, T.K. Severity of musculoskeletal pain: Relations to socioeconomic inequality. Soc. Sci. Med. 2002, 54, 221–228. [Google Scholar] [CrossRef]

	



Eachus, J.; Chan, P.; Pearson, N.; Propper, C.; Davey Smith, G. An additional dimension to health inequalities: Disease severity and socioeconomic position. J. Epidemiol. Community Health 1999, 53, 603–611. [Google Scholar] [CrossRef]

	



Mills, S.E.E.; Nicolson, K.P.; Smith, B.H. Chronic pain: A review of its epidemiology and associated factors in population-based studies. Br. J. Anaesth. 2019, 123, e273–e283. [Google Scholar] [CrossRef]

	



Peterka, R.J. Sensory integration for human balance control. Handb. Clin. Neurol. 2018, 159, 27–42. [Google Scholar]

	



Hirase, T.; Okubo, Y.; Sturnieks, D.L.; Lord, S.R. Pain Is Associated with Poor Balance in Community-Dwelling Older Adults: A Systematic Review and Meta-analysis. J. Am. Med. Dir. Assoc. 2020, 21, 597–603.e8. [Google Scholar] [CrossRef]

	



Hatfield, G.L.; Morrison, A.; Wenman, M.; Hammond, C.A.; Hunt, M.A. Clinical Tests of Standing Balance in the Knee Osteoarthritis Population: Systematic Review and Meta-analysis. Phys. Ther. 2016, 96, 324–337. [Google Scholar] [CrossRef] [PubMed]

	



Goudman, L.; Laton, J.; Brouns, R.; Nagels, G.; Huysmans, E.; Buyl, R.; Ickmans, K.; Nijs, J.; Moens, M. Cortical mapping of painful electrical stimulation by quantitative electroencephalography: Unraveling the time-frequency-channel domain. J. Pain Res. 2017, 10, 2675–2685. [Google Scholar] [CrossRef]

	



Knyazev, G.G. EEG delta oscillations as a correlate of basic homeostatic and motivational processes. Neurosci. Biobehav. Rev. 2012, 36, 677–695. [Google Scholar] [CrossRef]

	



Huynh, V.; Lütolf, R.; Rosner, J.; Luechinger, R.; Curt, A.; Kollias, S.; Michels, L.; Hubli, M. Descending pain modulatory efficiency in healthy subjects is related to structure and resting connectivity of brain regions. NeuroImage 2022, 247, 118742. [Google Scholar] [CrossRef]

	



Knyazev, G.G. Motivation, emotion, and their inhibitory control mirrored in brain oscillations. Neurosci. Biobehav. Rev. 2007, 31, 377–395. [Google Scholar] [CrossRef]

	



Steriade, M. Grouping of brain rhythms in corticothalamic systems. Neuroscience 2006, 137, 1087–1106. [Google Scholar] [CrossRef] [PubMed]

	



Simis, M.; Imamura, M.; Pacheco-Barrios, K.; Marduy, A.; de Melo, P.S.; Mendes, A.J.; Teixeira, P.E.P.; Battistella, L.; Fregni, F. EEG theta and beta bands as brain oscillations for different knee osteoarthritis phenotypes according to disease severity. Sci. Rep. 2022, 12, 1480. [Google Scholar] [CrossRef] [PubMed]

	



Junior, J.S.; Nicholas, M.K.; Pereira, I.A.; de Matos Pimenta, C.A.; Asghari, A.; Cruz, R.M. Validação da Escala de Pensamentos Catastróficos sobre Dor. Acta Fisiátrica 2008, 15, 31–36. [Google Scholar]

	



Sullivan, M.J.L.; Bishop, S.R.; Pivik, J. The Pain Catastrophizing Scale: Development and validation. Psychol. Assess. 1995, 7, 524–532. [Google Scholar] [CrossRef]

	



Freire, M.Á.; Figueiredo, V.L.M.D.; Gomide, A.; Jansen, K.; Silva, R.A.D.; Magalhães, P.V.D.S.; Kapczinski, F.P. Escala Hamilton: Estudo das características psicométricas em uma amostra do sul do Brasil. J. Bras. De Psiquiatr. 2014, 63, 281–289. [Google Scholar] [CrossRef]

	



Botega, N.J.; Bio, M.R.; Zomignani, M.A.; Garcia, C., Jr.; Pereira, W.A. [Mood disorders among inpatients in ambulatory and validation of the anxiety and depression scale HAD]. Rev. De Saude Publica 1995, 29, 355–363. [Google Scholar]

	



Freitas, S.; Simões, M.R.; Martins, C.; Vilar, M.; Santana, I. Estudos de adaptação do Montreal Cognitive Assessment (MoCA) para a população portuguesa. Avaliação Psicológica 2010, 9, 345–357. [Google Scholar]

	



Johns, M.W. Reliability and factor analysis of the Epworth Sleepiness Scale. Sleep 1992, 15, 376–381. [Google Scholar] [CrossRef]

	



Stevenson, T.J. Detecting change in patients with stroke using the Berg Balance Scale. Aust. J. Physiother. 2001, 47, 29–38. [Google Scholar] [CrossRef] [PubMed]

	



Steele, B. Timed walking tests of exercise capacity in chronic cardiopulmonary illness. J. Cardiopulm. Rehabil. 1996, 16, 25–33. [Google Scholar] [CrossRef] [PubMed]

	



Podsiadlo, D.; Richardson, S. The timed "Up & Go": A test of basic functional mobility for frail elderly persons. J. Am. Geriatr. Soc. 1991, 39, 142–148. [Google Scholar]

	



Ferraz CRJRBRSantos, W.; Meinão, I.; Quaresma, M.R. Tradução para a língua portuguesa e validação do questionário genérico de avaliação de qualidade de vida SF-36 (Brasil SF-36). Rev bras reumatol 1999, 39, 143–150. [Google Scholar]

	



Kellgren, J.H.; Lawrence, J.S. Radiological assessment of osteo-arthrosis. Ann. Rheum. Dis. 1957, 16, 494–502. [Google Scholar] [CrossRef] [PubMed]

	



Delorme, A.; Makeig, S. EEGLAB: An open source toolbox for analysis of single-trial EEG dynamics including independent component analysis. J. Neurosci. Methods 2004, 134, 9–21. [Google Scholar] [CrossRef]

	



Delorme, A.; Sejnowski, T.; Makeig, S. Enhanced detection of artifacts in EEG data using higher-order statistics and independent component analysis. Neuroimage 2007, 34, 1443–1449. [Google Scholar] [CrossRef]

	



Malcolm, M.P.; Triggs, W.J.; Light, K.E.; Shechtman, O.; Khandekar, G.; Gonzalez Rothi, L.J. Reliability of motor cortex transcranial magnetic stimulation in four muscle representations. Clin.Neurophysiol. Off. J. Int. Fed. Clin. Neurophysiol. 2006, 117, 1037–1046. [Google Scholar] [CrossRef]








[image: Life 13 01697 g001 550] 





Figure 1. Directed Acyclic Graph of CPM. It illustrates the most common variables found in the literature associated with CPM and their pathways. The pathways that have a variable inside a square (green) are considered to be closed. U* refers to unmeasured variables in our study sample. In this case, it refers to drugs that subjects take due to pain. 
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Figure 2. Effect modification by race. 
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Table 1. Demographics and clinical characteristics.
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Demographics




	
Age

	
68.46 ± 9.84




	
Sex (%)

	




	
   Male

	
15 (18)




	
   Female

	
70 (82)




	
Race (%)

	




	
   White

	
53 (62)




	
   Black

	
11 (13)




	
   Mixed

	
17 (20)




	
   Asian

	
4 (5)




	
Education Level (%)

	




	
   Illiterate

	
2 (2)




	
   Elementary

	
34 (40)




	
   High School

	
26 (31)




	
   Superior

	
23 (27)




	
BMI

	
32.26 ± 5.31




	
Most affected side of the knee (%)

	




	
   Left

	
5 (6)




	
   Right

	
16 (20)




	
   Bilateral

	
59 (74)




	
Clinical characteristics




	
Time of ongoing pain (months)

	
97.4819 ± 102.94




	
Pain Catastrophizing

	
13.83 ± 10.89




	
WOMAC Pain Score

	
10.42 ± 4.02




	
Average of VAS Pain

	
5.37 ± 2.14




	
HAM-D

	
9.08 ± 5.61




	
HAD-Anxiety

	
5.71 ± 4.09




	
MOCA

	
21.66 ± 5.00




	
Sf36

	
55.55 ± 20








BMI: Body Mass Index, WOMAC Pain: Western Ontario and MacMaster Universities Osteoarthritis Index Pain section, VAS Pain: Visual analogue Scale for Pain, HAM-D: Hamilton Depression Rating Scale, HAD-Anxiety: Hospital Anxiety and Depression Scale—Anxiety section, MOCA: Montreal cognitive assessment, SF36: 36-Item Short Form Survey.
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Table 2. Model of multivariate analysis with active-related pain associated with CPM in both knees.
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Adjusted R-Squared: 0.09




	
Baseline Variables

	
β-Coefficient

	
p-Value

	
95% CI






	
WOMAC Pain Score

	
−0.13

	
0.003 *

	
−0.21 to −0.04




	
Pain catastrophizing scale

	
0.005

	
0.721

	
−0.02 to 0.03




	
Race

	
0.09

	
0.773

	
−0.53 to 0.72




	
Age

	
−0.02

	
0.212

	
−0.05 to 0.01




	
Sex

	
0.25

	
0.481

	
−0.45 to 0.96








WOMAC Pain Score: Western Ontario and MacMaster Universities Osteoarthritis Index Score Pain section. * p < 0.05.
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Table 3. Model of multivariate analysis with significant functional variables and pain associated with CPM in both knees.
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Adjusted R-Squared: 0.11




	
Baseline Variables

	
β-Coefficient

	
p-Value

	
95% CI






	
WOMAC Pain Score

	
−0.08

	
0.014 *

	
−0.156 to −0.018




	
Berg Balance Scale

	
0.04

	
0.033 *

	
0.003 to 0.080




	
Race

	
0.15

	
0.592

	
−0.423 to 0.739




	
Sex

	
0.22

	
0.511

	
−0.472 to 0.927








* p < 0.05.
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Table 4. Model of multivariate analysis with significant neurophysiological variables associated with CPM in both knees.
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EEG Variables

	
β-Coefficient

	
p-Value

	
95% CI






	
Frontal area




	
Adjusted R-squared: 0.08




	
Relative power of delta waves

	
−3.11

	
0.021 *

	
−5.90 to −0.33




	
Pain catastrophizing scale

	
−0.02

	
0.164

	
−0.05 to −0.00




	
Race

	
−0.35

	
0.362

	
−1.14 to 0.43




	
Age

	
−0.003

	
0.843

	
−0.039 to 0.032




	
Sex

	
−0.25

	
0.652

	
−1.42 to 0.90




	
Central area




	
Adjusted R-squared: 0.07




	
Relative power of delta waves

	
−3.23

	
0.040 *

	
−6.34 to −0.11




	
Pain catastrophizing scale

	
−0.02

	
0.180

	
−0.05 to 0.01




	
Race

	
−0.26

	
0.503

	
−1.07 to 0.53




	
Age

	
−0.005

	
0.751

	
−0.04 to 0.03




	
Sex

	
−0.25

	
0.660

	
−1.42 to 0.92








* p < 0.05; EEG: Electroencephalogram.
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