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= .85. As in V1, there did not appear to be an influence of sex on the relationship between PAF and 382 

either of our prolonged pain tests (Figure S4B). As before, sensor level distributions of PAF-sensory score 383 

correlations revealed that these findings were evident across the entire scalp (Figure S4B).   384 

Finally, we determined whether V1 estimates of sensorimotor PAF could predict V2 sensory scores 385 

occurring, on average, 7 weeks later. Indeed, V1 pain-free, sensorimotor PAF was negatively related to 386 

both V2 PHP scores, Spearman �Œ��= -.67, p < .01, and V2 CHP scores, Spearman �Œ��= -.62, p < .01 (Figure 5). 387 

This relationship between V1 pain-free, sensorimotor PAF and V2 PHP remained when we controlled for 388 

thermode temperature, Spearman �Œ��= -.66, p < .01, or included all participants regardless of pain 389 

classification, Spearman �Œ��= -.44, p < .01. In contrast, we could find no evidence of a relationship 390 

between V1 pain-free, sensorimotor PAF and either V2 WDT, Spearman �Œ��= -.22, p = .27, or V2 HPT, 391 

Spearman �Œ��= .13, p = 49.; these results did not change when we included all participants regardless of 392 

pain classification, WDT: Spearman �Œ��= -.14, p = .38; HPT: Spearman �Œ��= .11, p = .49. This set of findings 393 

provide an important insight into the apparent stability of the PAF-prolonged pain relationship at both 394 

V1 and V2. Specifically, the strong relationship of V1 PAF to V2 pain scores suggest that, rather than the 395 

appearance of a de novo relationship at each time point, V2 correlations are a direct recapitulation of 396 

the relationship shared by PAF and prolonged pain scores at V1. In summary, these and the findings 397 

presented above suggest that sensorimotor PAF is a reliable predictor or prolonged pain sensitivity both 398 

within and across our two visits.  399 

�^�^�o�}�Á�_�����v�����^�&���•�š�_��Sensorimotor PAF Individuals Experience Different Amounts of Prolonged Pain  400 

In our previous work (Furman et al., 2018), we demonstrated there are differences in PAF speed 401 

between low and high pain sensitive groups. We now take the complementary approach to determine 402 

whether there are differences between “Slow” and “Fast” PAF individuals in their sensory test scores.  403 

To do so, we first performed a median split of our data based on PAF estimates obtained at V1 (labels 404 

were carried over to V2). This yielded 21 “Slow” (mean = 9.88 Hz, S.D. = .13) and 21 “Fast” (mean = 405 

10.21 Hz, S.D. = .15) PAF individuals at V1, and 14 “Slow” (mean = 9.87 Hz, S.D. = .13) and 17 “Fast” 406 

(mean = 10.21 Hz, S.D. = .16) individuals at V2.  407 

Next, we performed four, separate linear mixed models, one for each sensory test, with subjects as 408 

random effects and Visit (V1 vs V2), Speed (Slow vs. Fast), and the Visit X Speed interaction as fixed 409 

effects. Average sensory test scores for each speed group at each visit can be seen in Figure 6. For PHP 410 

scores, this analysis revealed a significant main effect of Speed, F(1,37.42) = 7.04, p = .01, but neither a 411 

significant main effect of Visit, F(1,29.61) = 2.01, p = .17, nor a significant Visit X Speed interaction, F(1,29.61) = 412 

.98, p =.33. According to this analysis, the estimated effect of PAF speed on PHP scores was 16.67 (95% 413 
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Confidence Intervals: 3.22 – 30.11). This difference emerged despite the fact that PHP thermode 414 

temperatures were nearly identical for the Slow PAF group (mean = 45.52°C, S.D. = 1.47°C) and Fast PAF 415 

group (mean = 46.23°C, S.D. = 1.34°C, t(40) = 1.65, p = 11). Indeed, the fact that thermode temperatures 416 

were qualitatively higher for Fast PAF individuals suggests that we may, if anything, be underestimating 417 

the effect of PAF speed on pain sensitivity.  The same pattern of results emerged for CHP scores with a 418 

significant main effect of Speed, F(1,39.96) = 9.34, p < .01, and without a significant main effect of Visit, 419 

F(1,32.27) = .05, p = .83, or a significant Visit X Speed interaction, F(1,32.27) = .23, p = .64. The estimated effect 420 

of PAF speed on CHP scores was 19.13 (95% Confidence Intervals: 5.48 – 32.79). In contrast, we could 421 

not identify any significant main effects or interaction for either WDT (all p > .29) or HPT (all p > .23).  422 

To determine whether these group differences were specific to particular portions of the prolonged pain 423 

tests or present across the entire test, we computed the average pain time course separately for each 424 

speed group on each prolonged pain test. This revealed differences between Slow PAF and Fast PAF 425 

groups that were evident across the entirety of the PHP and CHP paradigms (Figure 7); differences in 426 

pain ratings appeared almost immediately and persisted stably throughout testing without any apparent 427 

interaction between group and time. In line with this observation, we could find no evidence that “Slow” 428 

and “Fast” PAF groups differed in the amount of sensitization they experienced in the PHP Paradigm 429 

(Supplementary Data). This suggests that PAF’s impact on the pain experience is likely manifest in 430 

processes that organize an individual’s general, or “trait-like”, pain sensitivity rather than those 431 

processes that modify the amount of ongoing pain (i.e. sensitization).  432 

Discussion 433 

In the current study we set out to test whether pain-free, Sensorimotor Peak Alpha Frequency (PAF) is a 434 

specific and reliable predictor of prolonged pain.  We found that pain-free, Sensorimotor PAF could 435 

predict Capsaicin Heat-Pain sensitivity (CHP), with increasingly slower PAF being associated with 436 
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increasingly greater CHP intensity, at both short (45 minutes) and long (8 week) timescales. We also 437 

found that pain-free, sensorimotor PAF shares a near identical relationship with a second test of 438 

prolonged pain, Phasic Heat Pain (PHP). While both CHP and PHP produce sensitization and similar 439 

amounts of pain, the actual procedures used differ in the length of application, the temperatures used, 440 

and the presence of sensitizing agent. In light of the fact that PAF was not related to two standard tests 441 

of acute thermal processing, warmth detection threshold (WDT) and heat pain threshold (HPT), these 442 

differences between the tasks provides an important measure of comfort that PAF is related to the 443 

characteristic shared by each task, perhaps the prolonged nature of the pain, rather than non-pain 444 

variables that are unique to each task.  445 

Peak Alpha Frequency (PAF) is an alpha rhythm characteristic hypothesized to represent processes that 446 

control the speed of perceptual cycles (e.g. Samaha & Postle, 2015; Cecere et al., 2015; Wutz et al., 447 

2018). Previous investigations of PAF and chronic pain (e.g. Sarnthein et al., 2006; de Vries et al., 2013; 448 

Lim et al., 2016) have reliably found that PAF is slowed in patients, leading many to suggest that 449 

disturbances in PAF reflect ongoing, pathological processes. Earlier hypotheses about the role of 450 

disrupted communication between the thalamus and cortex in chronic pain, so called Thalamocortical 451 

Dysrhythmias (e.g. Llinás et al., 1999), have proven particularly influential in providing context for these 452 

interpretations. Alongside these findings, work from both our lab and others has demonstrated that PAF 453 

recorded in the absence of pain can serve to distinguish high and low pain sensitive individuals in the 454 

healthy population (Nir et al., 2010; Furman et al., 2018). These findings have led us to hypothesize that 455 

PAF is a biomarker of pain sensitivity in healthy individuals and to propose that apparent chronic pain 456 

disturbances of PAF may, at least in part, reflect differences in prolonged pain sensitivity that predate 457 

disease onset.  458 

We were able to replicate our previous finding that sensorimotor PAF collected during a pain-free 459 

resting state can predict future pain sensitivity to the CHP model. This replication is notable because the 460 

sample size used in the current study was nearly double that used previously thereby giving us 461 

confidence that our previous results were not a consequence of spurious effects associated with small 462 

sample sizes. Furthermore, our results extend these prior findings by clearly establishing that prolonged 463 

pain sensitivity is a trait-like characteristic. Three key points justify this conclusion. First, we were unable 464 

to identify a significant effect of Visit or Visit X Type in our linear mixed model suggesting that pain 465 

intensities for both CHP and PHP do not change across the two testing visits. Second, pain intensities for 466 
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both prolonged pain tests are strongly correlated across visits. Indeed, we found these tests were 467 

generally more reliable than either warmth detection (WDT) or heat pain thresholds (HPT). This is 468 

somewhat surprising given that WDT and HPT are considered gold standards of quantitative sensory 469 

testing (e.g. Rolke et al., 2006) while prolonged pain paradigms are used less often. Third, the average 470 

interval between visits was more than 7 weeks making it unlikely that the reliability of pain scores is 471 

biased by the participant’s memory of earlier pain ratings. The fact that participants completed these 472 

tasks without any haptic or visual feedback of their ratings also argue against this interpretation. 473 

Instead, the most parsimonious explanation of these results is that prolonged pain sensitivity is a stable 474 

individual characteristic.  475 

Beyond showing that Sensorimotor PAF is similarly related to two different tests of prolonged pain, we 476 

also demonstrate that this relationship is reliable across multiple time points. At both V1 and V2, pain-477 

free, sensorimotor PAF was negatively related to CHP and PHP intensities; for both visits, individuals 478 

with increasingly slower PAF experienced increasingly greater CHP or PHP intensities. It should be noted 479 

that this relationship was qualitatively stronger at V2, which may suggest that a portion of the PAF’s 480 

predictive ability is related to factors associated with a participant’s familiarity with the sensory tests. 481 

The fact that this relationship was present at V1, where participants experienced the PHP paradigm for 482 

the very first time, argues against familiarity as the sole factor responsible, however.  483 

One of the most intriguing results of the current study is that V1 estimates of sensorimotor PAF can 484 

predict V2 prolonged pain scores. This finding not only demonstrates that, in addition to providing 485 

separate predictions at each time point, a single estimate of sensorimotor PAF can also provide cogent 486 

predictions of pain sensitivity at multiple time points. This appears to be a result of the fact that both 487 

sensorimotor PAF and prolonged pain sensitivity do not change much over time in healthy individuals.  488 

Exposing participants to thermal tests that varied in their noxious content (innocuous vs. noxious) and 489 

their duration (acute vs. prolonged) allowed us to begin probing the boundaries of the sensorimotor 490 

PAF-pain sensitivity relationship. While we were able to find reliable relationships between prolonged 491 

pain and sensorimotor PAF, we could not find any evidence of a similar correlation to either WDT or 492 

HPT. These absences provide preliminary evidence that PAF is not related to either innocuous heat 493 

processing or to transient pain events.  It should be cautioned, however, that this apparent specificity 494 

may reflect differences in the rating procedures used between tests. Whereas both prolonged pain 495 

paradigms require participants to make continuous, magnitude judgements, WDT and HPT involve a 496 

single “stop” decision and are thus influenced by additional factors like reaction time. Additional studies 497 

that can control for this discrepancy are needed to ensure that the current results are due to the type of 498 

stimulation rather than the type of response. Nonetheless, the WDT results appear to argue against a 499 

purely perceptual role for PAF in thermal processing, similar to what has been shown for tactile 500 

discrimination (Baumgarten et al., 2017); in theory, faster PAF should be associated with lower WDT 501 

since shorter intervals between sampling bouts should promote more rapid change detection. 502 

Ultimately, multi-modal imaging (i.e. EEG-fMRI) is still needed to firmly assess whether PAF exerts its 503 

effects in or outside of the sensorimotor system. 504 

As in our first study, median split analysis suggests that pain-free, Sensorimotor PAF may be a useful tool 505 

for separating individuals into “high” and “low” prolonged pain sensitivity groups. A crucial difference 506 

from our previous approach, however, is that we performed our median split on Sensorimotor PAF 507 

estimates rather than pain scores. We did this to more directly simulate what might happen in a clinical 508 
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setting where only PAF estimates are available. Indeed, our findings suggest that clinicians could 509 

potentially use pre-intervention PAF to inform pain management decisions so that post-surgical 510 

treatment is personalized to both the intervention and the participant’s expected pain sensitivity. Such 511 

an approach could pay dividends in reducing opiate burdens by helping practitioners identify patients 512 

who are unlikely to need opiate pain relief. An unexpected result of our median split is that differences 513 

between PAF speed groups were present immediately and persisted throughout the entire prolonged 514 

pain time course. This suggests that PAF’s relationship to pain is mediated by processes that organize 515 

general responses to pain, such as attention (i.e. Miron et al., 1989; Klimesch, 2012; Guilbinaite et al., 516 

2017), rather than specific pain processes, like sensitization, that determine particular elements of the 517 

pain experience.  518 

In summary, our results clearly demonstrate that sensorimotor PAF is a reliable predictor of prolonged 519 

pain sensitivity. In addition to replicating the relationship between sensorimotor PAF and prolonged 520 

pain sensitivity, we now provide compelling evidence that this relationship is stable over both 521 

immediate, i.e. minutes/hours, and more extended, i.e. weeks/months, periods of time. Furthermore, 522 

we provide preliminary findings that sensorimotor PAF is a specific biomarker for prolonged pain 523 

sensitivity and that splitting participants based on pain-free PAF can provide meaningful information for 524 

identifying high and low pain sensitivity individuals. These findings now firmly position sensorimotor PAF 525 

as a biomarker of pain sensitivity with untapped potential in clinical settings.        526 
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Supplemental Data 632 

633 
PHP and CHP Produce Sensitization  634 

We first sought to determine whether sensitization, a putative hallmark of prolonged pain, is present in 635 
our two prolonged pain paradigms. Inspection of the PHP time course suggest that following a decrease 636 
in pain ratings from the first to the second PHP trial, which may reflect the enhanced salience of the first 637 
stimulus (Ianetti et al., 2008), ratings increased linearly from the second to fifth PHP trial (Figure 1B). To 638 
formally test this observation, we calculated the average pain rating for PHP trials 2 and 5 for all 639 
participants, regardless of pain classification, and submitted these scores to a linear mixed model with 640 
participants as random effects (slope included) and Visit (V1 vs. V2), Trial (2 vs. 5) and the Visit X Trial 641 
interaction as fixed effects. If PHP scores sensitize over time, then a significant main effect of Trial 642 
should be present. This analysis revealed a significant main effect of Trial, F(1,88.14) = 19.06, p < .01, 643 
without a significant main effect of Visit, F(1,103.08) = .35, p = .55, or significant Visit X Trial interaction, 644 
F(1,88.18) = .02, p = .89. The estimated effect of Trial on PHP scores 8.61(95% Confidence Intervals: 2.13 – 645 
15.10). This increase in scores from trial 2 (mean = 20.81, S.D. = 17.88) to trial 5 (mean = 29.31, S.D. = 646 
21.43) in response to the same noxious stimulus is evidence of sensitization.  647 

Two findings support the presence of sensitization during CHP. First, across all participants, a pair of 648 
one-sample t-tests revealed that CHP scores were significantly greater than 0 at both V1, t(57) = 6.63, p < 649 
.01, and V2, t(42) = 5.72, p < .01. Second, another pair of one-sample t-tests indicated that HPTs were 650 
significantly greater than the CHP temperature, 40°C, at both V1, t(57) = 7.90, p < .01, and V2, t(39) = 8.89, 651 
p < .01. We believe that this pain response to a sub-WDT temperature is a strong indicator of 652 
sensitization given that we have previously demonstrated that a similar temperature in the absence of 653 
capsaicin does not produce pain (Furman et al., 2018).   654 

CHP Scores Vary Across Visits as a Function of Sex 655 
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Average scores (+ 1 S.D) for the sexes on each test at each visit can be seen in Supplementary Figure 2. 656 
Previous studies have reported that sex may be an important variable in determining pain sensitivity (i.e. 657 
Dao & LeResche, 2000).  658 

To determine whether sex may play a role in our sensory tests, we performed four, separate linear 659 
mixed models, one for each sensory test, with subjects as random effects and Visit (V1 vs V2), Sex (Male 660 
vs. Female), and the Visit X Sex interaction as fixed effects. Given that our study was not powered with 661 
respect to gender effects, analyses were performed on all participants regardless of pain classification in 662 
order to maximize available statistical power. For PHP scores, this analysis revealed no significant effects 663 
of Visit, F(1,41.34) = .37, p = .54, Gender, F(1,53.35) = 1.72, p = .20, or Visit X Gender interaction, F(1,41.34) = .76, p 664 
= .39. For CHP scores, this analysis revealed a significant Visit by Gender interaction, F(1,41.86) = 8.95, p < 665 
.01, but no significant main effects of Visit, F(1,41.86) = .06, p = .80, or Gender, F(1,54.53) = 1.38, p = .25. For 666 
WDT scores, this analysis revealed no significant effects of Visit, F(1,44.39) = .004, p = .95, Gender, F(1,56.14) = 667 
1.08, p = .30, or Visit X Gender interaction, F(1,44.39) = .00, p > .99. For HPT scores, this analysis revealed no 668 
significant effects of Visit, F(1,47.64) = .81, p = .37, Gender, F(1,56.16) = 1.53, p = .22, or Visit X Gender 669 
interaction, F(1,47.54) = .81, p = .37. 670 

Other than CHP it appears that there are no clear sex differences in sensory test scores. For CHP, the 671 
Visit X Gender interaction reflects the fact that males experience increases in CHP scores from V1 (mean 672 
= 12.10, S.D. = 14.50) to V2 (mean = 16.12, S.D. = 18.44), whereas females experience decreases in CHP 673 
scores from V1 (mean = 24.37, S.D. = 24.45) to V2 (mean = 20.01, S.D. = 23.06).  674 

The PAF-Pain Sensitivity Relationship is Similar for Both Sexes 675 

One important consideration for any pain biomarker is whether it applies equally to both sexes. 676 
Inspection of correlation magnitudes for each sex revealed that PAF-pain sensitivity relationships were 677 
roughly equivalent between the sexes on both tests at each visit (Supplementary Figure 3). We do not 678 
provide p values for these tests as our study was not powered to investigate sex differences directly.  679 

To more formally test whether sex influences the relationship of PAF to pain sensitivity, we performed 680 
four, separate moderation analyses (one for PHP and CHP at each visit) using PROCESS (V3.2; Hayes, 681 
2012) implemented in SPSS. In these regression analyses, sensory test scores served as the dependent 682 
variable with PAF as the independent variable and sex as a dichotomous moderator variable. As with 683 
other correlational analyses, we excluded PAF or sensory test scores greater than 2.5 SD above the 684 
mean. To account for possible multi-collinearity, independent variables and moderators were mean-685 
centered. In our moderation analyses, a significant interaction of sex and PAF would indicate that the 686 
relationship between PAF and pain sensitivity is different for the two sexes. We were unable, however, 687 
to identify a significant PAF x Sex interaction for PHP scores at either V1, t = -.16, p = .87, or V2, t = .74, p 688 
= .47. Similarly, there was not a significant effect of PAF x Sex for CHP scores at either V1, t = -.01, p = 689 

.CC-BY 4.0 International licenseis made available under a
The copyright holder for this preprint (which was not peer-reviewed) is the author/funder. It. https://doi.org/10.1101/613299doi: bioRxiv preprint 

https://doi.org/10.1101/613299
http://creativecommons.org/licenses/by/4.0/


Page 22 of 23 
  

690 
.99, or V2, t < .01, p > .99. According to our moderation analyses we can conclude that the PAF-pain 691 
sensitivity relationship is not different for the two sexes.  692 

The PAF-Pain Sensitivity Relationship is Evident Across the Entire Scalp 693 

Previously unpublished findings from our lab have suggested that the PAF-pain sensitivity relationship is 694 
not privileged to sensors overlying the sensorimotor cortex. To determine whether similar conclusions 695 
can be drawn from the current dataset, we first calculated PAF separately for each individual at each of 696 
the 63 EEG sensors. Next, we correlated PAF estimates from each sensor with scores on each sensory 697 
test to yield a total of 63 correlation values for each test. To visualize these results, we then plotted the 698 
distribution of correlation values for each sensory test with a histogram. As can be seen in 699 
Supplementary Figure 4, the distribution of sensor correlations largely recapitulated what we found 700 
when we focused only on our sensorimotor ROI. Specifically, we found that correlations between PAF 701 
and either CHP or PHP were moderately large and in the negative direction. In comparison, correlations 702 
between PAF and either WDT or PHP were much smaller across the board.  703 

PAF Does Not Reflect Sensitivity to Sensitization Processes 704 

Qualitative differences in pain ratings are evident across the entire time courses of both the Phasic Pain 705 
and C-HP paradigms (Figure 7). As noted above, both CHP and PHP produce sensitization which might 706 
suggest that are differences in sensitization between PAF speed groups. To test whether PAF may be 707 
related to the amount of sensitization experienced by an individual, we analyzed PHP sensitization 708 
scores, calculated by subtracting trial 5 from trial 2 pain scores, using a linear mixed model with subjects 709 
as subjects as random effects (intercept included) and Visit (V1 vs V2), Speed (Slow vs. Fast), and the 710 
Visit X Speed interaction as fixed effects. We could not find any evidence of a relationship between PAF 711 
and sensitization as neither the main effect of Speed, F(1,32.24) = 2.82, p = .10, nor the Speed x Visit 712 
interaction, F(1,29.21) = .16, p = .69, were significant. Similarly, there were no differences between 713 
sensitization scores as a function of Visit, F(1,29.21) = .06, p = .81. 714 
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