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Abstract
According to the neurocognitive model of attention to pain, when the attentional resources invested in a task unrelated to pain are high, limited cognitive resources can be directed toward the pain. This is supported by experimental studies showing that diverting people’s attention away from acute pain, leads to experiencing less pain. Theoretical work has suggested that this phenomenon may present a top-down modulatory mechanism for persistent pain as well. However, conclusive empirical evidence is lacking. To fill this gap, we used a preregistered, double-blind, between-subjects study design to investigate whether performing a tailored, demanding, and engaging working memory task unrelated to pain (difficult) vs. a task that requires less mental effort to be performed (easy), could lead to lower development of secondary hypersensitivity–a hallmark of central sensitization. Eighty-five healthy volunteers, randomly assigned to one of the two conditions, performed a visual task with a different cognitive load (difficult vs. easy) while secondary hypersensitivity was induced on their non-dominant forearm using high-frequency stimulation. To assess the development of secondary hypersensitivity, sensitivity to mechanical stimuli was measured three times: T0, for baseline, 20 (T1) and 40 (T2) minutes after the procedure. 
We did not observe any significant difference in the development of secondary hypersensitivity between the two groups, neither in terms of the intensity of mechanical sensitivity nor its spatial extent. Our results suggest that a top-down modulation through attention might not be sufficient to affect pain sensitization and the development of secondary hypersensitivity.
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Summary: We found no evidence for an effect of high working memory load on the development of secondary hypersensitivity - a proxy of central sensitization. 





Introduction 
[bookmark: _Hlk153461501][bookmark: _Hlk153455180]	Attention is a key factor in influencing how we process pain, with potential implications for interventions aimed at preventing persistent pain [14,18,26,80]. While engaging in a cognitively demanding task might lower the risk of persistent pain by inhibiting spinal excitability [9,16,57,64,70], the exact relation between attention and persistent pain remains unclear. Our study aims to explore this relationship by investigating whether a high-cognitively demanding task can decrease secondary mechanical hypersensitivity resulting from (central) sensitization – a proxy of the development of persistent pain [1,34] - in healthy voltueers undergoing a laboratory-based sensitization procedure using high-frequency electrical stimulation [10,31,51,53]. 
Progress in this field has been made by investigating how psychological factors affect central sensitization and the subsequent development of secondary mechanical hypersensitivity [6,7,17,23,30,43,46,47,58,67,69,76] - characterized by a long-lasting increased mechanical pinprick sensitivity in the area surrounding an injured or inflamed site [31,33,55,66]. For instance, Torta et al.[67] found that performing an n-back (working memory updating) task during the application of electrocutaneous stimulation reduced consecutive mechanical hypersensitivity, while performing a Flanker (inhibition) task resulted in its enhancement. As the two tasks rely on different cognitive processes, it is challenging to directly compare the two solely based on their level of demand. To overcome this limitation, Meyers et al.[47] compared two levels of difficulties of the n-back task (0- vs.2-back), but they did not observe a significant difference in secondary hypersensitivity. The same results were obtained in a follow-up study with a within-subjects design, including a control condition with no task [46]. Given the high relevance of the addressed question, we find potential for improvement and a need to address the ongoing controversy. To this end, we used a preregistered, between-subjects study built upon the strengths and limitations of prior research. 
First, to provide strong attentional competition between stimuli [38], considering the critical role of timing in the interference between task-relevant and irrelevant stimuli [36,37], we developed a tailored working memory task (WM) where, unlike previous studies, visual and electrocutaneous stimuli were time-locked to each other so that task demands were exerted exactly during the induction of sensitization to pain  (difficult-task condition). Additionally, we included an easy task condition where electrical pulses were paired with a non-WM task using the same stimuli as in the difficult condition (e.g., [47]). This ensured that any observed differences were due to attentional load, rather than task nature. Lastly, our between-subject design allowed us to test our hypothesis using a two-way interaction, which is an improvement over the conventional use of a three-way interaction (e.g.,[47,67]). Higher-order interactions are difficult to interpret and greatly increase the sample size required to detect an effect, relative to a two-way interaction [28]. We calculated our sample size based on our model, ensuring a reliable test of this timely question. 
We hypothesized that high task demands would mitigate the process of sensitization, leading participants in the difficult-task group to develop a smaller change in mechanical hypersensitivity compared to those in the easy-task group. In particular, we expected a positive and significant change in mechanical sensitivity for both groups and a significant interaction between time and group, reflecting the effect of task condition on the change in mechanical sensitivity from baseline to post-sensitization. 
Material and methods
The study design, procedures and analysis plan were preregistered upon testing and available at https://osf.io/97frt/?view_only=fdfe326de34443999d4be462724bd616
Participants 
[bookmark: _Hlk152168384][bookmark: _Hlk152168349][bookmark: _Hlk153459190]The sample size was determined using the package powerlmm on R studio [15,22,29,42,54]. Calculation was based on a two-level mixed model with a time x condition interaction and allowing for an intercept random effect [15,22,29] which reflected our primary hypothesis i.e., whether the difficult-task group would result in lower mechanical pinprick sensitivity at 20 (T1) and at 40 (T2) minutes after the delivery of high-frequency stimulation (HFS) as compared to the easy-task group ( see https://osf.io/97frt/?view_only=fdfe326de34443999d4be462724bd616 for a more detailed description about the sample size calculation, including R scripts). The minimum standardized effect size was set at Cohen d= .4 and the desired power level was .8, which resulted in a required sample size of 80 participants. Yet, to account for possible drops out, we tested a total of 92 subjects. The effect size, as in [17], was defined considering the smallest effect size found in [23], a study focused on investigating whether a spatial attention task could lead to a change in the development of secondary hypersensitivity following the HFS stimulation. To achieve an even distribution of participants across both groups, they were randomly allocated to either of the two groups ( difficult vs. easy) using block randomization [20]. Participants were recruited through advertisements on social media and flyers distributed around the local university campus. They were told that the purpose of the study was to assess performance on a cognitive task while experiencing high-frequency stimulation, and they were not informed about the purpose other procedures until debriefing. Inclusion criteria were being aged between 18 and 35 years old. Exclusion criteria were suffering from severe physical morbidity, neurological or psychiatric disease, traumatic injury of the upper limbs (currently or in the last 6 months), pain complaints over the last 6 months, regular use of psychotropic and analgesic drugs, use of a pacemaker, and in case of female participants, pregnancy, or breastfeeding. Having participated in a previous HFS experiment in the lab was also considered as an exclusion criterion. Furthermore, eligible participants were asked to (1) have slept at least 6 hours before the experiment, (2) refrain from drinking caffeinated beverages, and (3) not use any alcohol and medication in the 12 hours preceding the study. Eligibility was checked in the lab through a digital questionnaire (Qualtrics, Provo, UT, USA; approx. 4 min). The experimental procedure was approved by the local ethics committee (Commission d’Ethique biomédicale hospital-facultaire, Saint-Luc University Hospital & UCLouvain), in agreement with the Declaration of Helsinki. All participants signed informed consent before the experimental session and received financial compensation for their participation.
Stimuli and Apparatus 
[bookmark: _Hlk153448787]Mechanical sensitivity. In line with other studies investigating whether a cognitive manipulation can lead to a different change in mechanical sensitivity [17,23,46,67], mechanical pinprick sensitivity was assessed using a calibrated pinprick stimulator exerting a force of 128mN (MRC Systems, Heidelberg, Germany). These stimuli elicit pinprick sensations related to the activation of mechanosensitive nociceptors [24,61]. 
The stimulus was applied following a standardized procedure ( e.g., [13,17]). In line with previous studies (e.g., [13,47,69]) the perceived mechanical sensitivity was assessed three times throughout the whole procedure: before HFS for a baseline assessment (T0), at 20 (T1) and 40 minutes (T2) after the delivery of HFS. At each time point, a total of three pinprick stimuli was applied on each arm. 
[bookmark: _Hlk153449057]Our decision to assess mechanical pinprick sensitivity at these specific times was informed by  empirical evidence [13,30,46] indicating an increase in pinprick sensitivity starting from 20 minutes post-High-Frequency Stimulation (HFS) and lasting until about 40/45 minutes. During the assessment, participants were asked to look away from their arms. Immediately after each stimulus, participants were asked to rate the intensity felt using a numerical scale from 0 (not felt at all) to 100 (maximal pain), with 50 being the transition from a non-painful stimulation to a painful one [17,23,46,47,67]. The same area on the arm was never stimulated more than once. The arm order ( dominant vs. non-dominant) for the assessment was counterbalanced across participants. The same order was kept for all the assessments ( e.g., T0, T1 and T2).
[bookmark: _Hlk153449649]We used a single scale for assessing both intensity and pain perception. This decision was influenced by [75] which highlighted that, before or after High-Frequency Stimulation (HFS), most participants do not perceive pinprick stimuli as painful. Additionally, adopting this approach increased comparability with other studies exploring similar topics, such as those conducted by [17,23,46,47,67]. 
For an estimation of the area of increased mechanical pinprick sensitivity, the calibrated stimulator (128mN) was applied along the proximal-distal axis (i.e., a perpendicular line drawn from the centre of the HFS application) following a standard procedure ( e.g., [13]). The stimulation began 10 cm away from the centre of the HFS application area, first from the wrist and then from the cubital fossa. The stimulation was conducted every 0.5 cm along the axis until participants reported a noticeable difference in their perception of the pinprick stimulus, such as pain, tingling, a pinprick sensation, or increased intensity. The experimenter marked the specific point on the arm when a change was detected. Throughout the assessment, participants were instructed to keep their eyes closed. 
[bookmark: _Hlk153459823][bookmark: _Hlk153459686]High-frequency stimulation. High-frequency stimulation (HFS) set at 42 Hz was used to induce increased pinprick mechanical sensitivity at the non-dominant volar forearm. HFS was delivered using a custom multi-pin surface electrode which followed the design proposed by the Center for Sensory-Motor (Aalborg University, Denmark). The electrode design is intended to sensitize cutaneous nociceptive afferents [32]. It was placed on the participants’ non-dominant volar forearm at 8 cm from the cubital fossa. The electrical stimulation was generated by one constant current electrical stimulator (DS7A; Digitimer Ltd, Welwyn Garden City, UK), and it consisted of 12 trains, each with 42 electrical pulses, for a total of 504 pulses (single pulse-width 2ms). Each train lasted ca. 1 second with an inter-train interval of about 9 seconds. The total duration of the high-frequency stimulation was about 2 minutes. The following HFS protocol induces mechanical sensitivity with a good to excellent within-session and between-session relative reliability [13], and it leads to a greater development of mechanical sensitivity as compared to other frequencies of stimulation [77]. The intensity of the stimulation was individually adjusted to the subjective detection threshold of a single electrical stimulation which was then increased by 20 times ( e.g., [13,17,23])
Visual stimuli. Visual stimuli were used for the cognitive tasks performed during the HFS application. The stimuli were generated using Matlab 7 (The MathWorks Inc., MA, USA). Visual material and instructions were displayed on a Philips LCD monitor 190S6 (1280 x 1024 pixels, panel size: 19"/ 48 cm) positioned approximately 80 cm in front of the participant, using a 1024x768 resolution and a 60~50 Hz refresh rate. The visual stimuli consisted of (1) digits from 1 to 9 displayed in white on a black background, and (2) a cross in white or red according to the task (see Experimental procedure). Stimuli were displayed at the centre of the screen (font: Tahoma, size:39). They encompassed approximately 3° of visual angle. Instructions were presented at the beginning of the task using a BMP image.
General experimental procedure
This study used a double-blind, block-randomized, between-subjects design (for an illustration of the experimental procedure see Figure 1-A). 
To maximize blinding and internal validity, two experimenters carried out the study. Experimenter A was aware of the participants' condition from the beginning and provided instructions on the cognitive tasks depending on the group assignment. Experimenter B was in charge of assessing mechanical pinprick sensitivity and was on the contrary blind to participants’ condition until data analysis. 
Upon arriving at the lab, participants signed an informed consent form and completed a demographic questionnaire (Qualtrics, Provo, UT, USA; approx. 4 min) to check their eligibility. If eligible, the study would continue and they were asked to fill out some psychological questionnaire (Qualtrics, Provo, UT, USA; approx.10 min). Afterwards, participants completed a digit span assessment to measure their working memory capacity. This assessment was conducted to later match their working memory ability with the number of items presented in the cognitive tasks [25]. Specifically, digit span was assessed on an iPad using: the “Digit Span-Train of Thought” application for iOS 11.0. A sequence of digits was displayed for 5 seconds. Once the sequence disappeared, participants were asked to report the whole sequence in the correct order. The length of the sequence started with 3 digits and was increased by one digit every two successful repetitions. Once one mistake was committed, the length of the previous trial was considered as the participant’s digit span, and it was successively used to set the number of items for the cognitive tasks. 
Next, participants were asked to sit on a chair, with both their arms facing palms up. Following, Experimenter B cleaned their non-dominant arm with ether and marked the spots where the HFS-electrode would be placed on both arms. Baseline mechanical sensitivity (T0) was then assessed on both arms. Once the assessment was complete, the HFS electrode was placed on the non-dominant arm, and the electrical detection threshold was measured (for a detailed description of the procedure see [17] ). Experimenter B then left the room, and Experimenter A instructed participants on how to perform the task based on their assigned condition (Easy-task vs. Difficult-task).
[bookmark: _Hlk153454413]Consistent with our premise grounded in the neurocognitive model of the attentional modulation of pain [38], the control group engaged in a task that, while unrelated to pain, did not impose a high attentional or cognitive demand, unlike the task performed by the experimental group. Furthermore, the design of a control task closely mirroring the experimental condition in terms of visual stimuli and timing (presentation, response) while differing only in attentional demands was essential for ensuring internal validity and the effectiveness of the randomization process (a control condition without a task might lead participants to believe they belong to a control group).
In both conditions, the task was divided into three parts with no break in between (see Figure 1-B). The first and the third sections consisted of 10 and 6 trials, respectively, which were never coupled with the HFS trains. The first 4 trials in the first section were used to familiarize participants with the task. Therefore, participants’ responses to those trials were not included in the analyses. The second part was the only one combined with the HFS trains and consisted of 12 trials. 
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]A trial began with a white fixation cross displayed for 1000 ms, followed immediately by a sequence of digits (memory set) presented for 2250 ms. In both groups, the length of the memory set was based on the individual working memory capacity. In the easy task, the memory set consisted of a sequence of digits presented in numerical order. Hence, participants were not asked to memorize the sequence. Conversely, in the difficult task, the memory set consisted of digits presented with a random order so that none of the numbers in the sequence could be followed by a number equal to itself + 1, and the same digit could never be presented twice in the same sequence. The memory set was followed by a white cross displayed for 1750 ms (rehearsal period). In the second section, during the rehearsal period i.e., immediately after the memory set disappeared, an HFS train was delivered, so that the HFS delivery was time-locked to the rehearsal period in the difficult-task group. Moreover, in this section, to warn participants about the delivery of the HFS train, the fixation cross was displayed for the first 750 ms in red and turned to white during the HFS trains. After the cross, one of the digits from the memory set was displayed for 1000 ms (memory probe). Participants had then 2000 ms to report on a keyboard the digit that followed the memory probe in the memory set displayed previously. If the response was correct, a number 10 blinking was displayed on the screen for 500ms. Contrary, if the response was incorrect, a number 0 blinking was presented for the same duration. If participants responded too early (i.e. when the probe was still on the screen) or too late (i.e., > 2000ms), they received the feedback “too early”, aimed to inform them to adjust their speed.  To boost engagement in the task, participants in the difficult-task group were told that based on their performance, they could receive extra compensation. Our decision to only implement a monetary reward in the difficult-task condition was inspired by a recent study by Vogel et al.[81], explored how motivation impacts the pain-reducing effects of engaging in a demanding cognitive task. The findings of the study revealed that providing rewards enhanced the pain-reducing impact of a cognitive task, especially when the task demands were high. The improved performance associated with rewards indicated the significant roles of both task-demands and motivation in pain inhibition. As a result, we chose to implement rewards exclusively in the difficult-task group, aiming to amplify the task perceived value and, consequently, attention toward it.
 At the end of the task, participants were asked to rate how painful they perceived the HFS stimulation to be and how difficult the task was on a horizontal VAS scale (from no difficult/no pain and to most difficult/max painful respectively). In addition, written open questions were used to ask participants (1) which strategy they used to perform the task, (2) if their performance changed during HFS, (3) whether and (4) why their performance was better with or without HFS, and lastly, (5) if they felt to be motivated in performing the task correctly (Qualtrics, Provo, UT, USA; approx. 8 min). The task’s total duration was about 6 minutes. Mechanical sensitivity as well as the spatial extent of increased mechanical sensitivity was assessed after 20 (T1) and 40 (T2) minutes the delivery of the HFS in combination with the cognitive task. The participants were then finally debriefed and compensated for their participation. Differently from the easy-task group, participants in the difficult-task group received extra compensation based on the accuracy of the task. 
Measures 
	For each participant, the three intensity perception ratings for mechanical pinprick sensitivity were averaged for each arm and time point before conducting further analyses. To estimate the spatial extent of increased pinprick sensitivity, the distal-proximal extent was calculated by summing the distal and proximal distances in centimetres. Mean, standard deviation, standard error, median, minimum, and maximum ratings were reported for each measurement.
The accuracy of the cognitive tasks was determined by calculating the number of correct responses over the entire duration of the task, which consisted of 24 trials. Additionally, accuracy was assessed separately for the trials before and after HFS (12 trials) and the trials during HFS (12 trials) by summing the correct responses for each section.
Subjective HFS-induced pain rating and task difficulty rating were measured using a Numeric Rating Scale (NRS) ranging from 0 to 100.
Psychological questionnaires
	At the beginning of the procedure, in addition to the screening and demographic questionaries, participants filled in either in French or English a series of scales: (1) State-Trait Anxiety Inventory, Trait version ( STAI-T, Cronbach’s α in this study= .88 [.84 .91]) [62,63], (2) the Pain Anxiety Symptoms Scale (PASS, α= .89 [.86 .92]) [44], and (3) the pain vigilance and awareness questionnaire ( PVAQ, α= .86 [.80 .89]) [56]. The selection of the STAI-T and PASS questionnaires was motivated by the observed comorbidity between anxiety disorders and chronic pain [45]. Furthermore, the inclusion of the PVAQ aimed to address dispositional attention to pain, a factor believed to be linked with perceived pain severity [56]. The scales were meant to explore any moderators of mechanical sensitivity development. 

[Insert Figures 1 A and 1 B-1 and B-2 here] 

Statistical Analysis 
All the analyses were performed using RStudio (R version 4.1.2)[54]. Primary outcomes were assessed according to our initial pre-registered plan. 
Primary Outcome
Cognitive task: attentional manipulation check, pain perception during HFS 
As a manipulation check, to assess whether the two tasks required a different cognitive load to be performed, we compared the two groups in terms of (1) accuracy in the task during the delivery of HFS and (2) task perceived difficulty. For a further check, we also compared accuracy in the task with and without HFS separately per each condition. 
To assess whether the attentional task influenced pain perception during the delivery of high-frequency electrical stimulation, we compared pain ratings between the two groups (difficult vs. easy). All the analyses were performed using a Wilcoxon signed-rank test.
Assessing the influence of the attentional load on the mechanical sensitivity intensity developed on the HFS-treated arm 
To assess whether the average mechanical pinprick sensitivity on the HFS-treated arm at T1 (1) and at T2 (2) was significantly lower in the difficult-task group as compared to the easy-task one, we used a linear mixed model comparing the mechanical sensitivity developed on the HFS- treated arm between the two groups. Specifically, the model is represented as: 
Level 1
     		(1)

Level 2
	                                                              	        		 		(2) 
The model can be interpreted as an ordinary linear regression model with one difference, the addition of a random intercept (. The outcome variable () represents mechanical sensitivity measured across all subjects () and occasions  The outcome is modelled as a function of three independent variables and an interaction term between two of the independent variables (see (1)). The first independent variable is the intercept , which can be interpreted as the average mechanical sensitivity across all subjects and occasions in our sample. By using a multilevel framework,( see (2)),  we were able to estimate the extent to which each individual subject deviates from this overall mean of mechanical sensitivity. The second independent variable is  () that includes two occasions T0 and T1 (or T2), coded as -0.5 and 0.5 respectively. This coding enabled us to interpret the intercept () as the sample mean of mechanical sensitivity and the coefficient of change over  () as the difference between the mean of mechanical sensitivity at T0 and the mean of mechanical sensitivity at T1 (or T2). Similarly,  is also coded as -0.5 and 0.5 to denote the control and experimental conditions, respectively. This variable is coded in this way to be able to interpret the effect of condition () as the difference between the mean mechanical sensitivity in the control group (easy-task condition) and the mean mechanical sensitivity in the experimental group (difficult-task condition). Finally, we have the interaction between the independent variables of  and  ( ). The coefficient from this interaction term reflects the extent to which the difference between the mean mechanical sensitivity at T0 versus the mean of mechanical sensitivity at T1 (or T2) is greater or smaller depending on the Condition subjects are in. The last term , represents the error term and it is included to account for any unobserved factors influencing  that are not accounted for in the model ( for a more detailed explanation about linear mixed model see e.g., [15]). In essence, this model enables us to understand how mechanical sensitivity is influenced by time, condition, and their interaction, while accounting for individual variability across the average mechanical sensitivity.  
For the analysis, we used the R package lme4[5] 
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]The syntax is as follows: Mechanical_sensitivity ~ 1 + Time +1| Subject + Time: Condition, Mechanical sensitivity ~ Time” indicates the fixed effect of Time on mechanical sensitivity. “1| Subject” indicates how much people deviate from the average mechanical sensitivity in our sample (overall mean for each subject estimated as random intercept); “Time: Condition” indicates the interaction between conditions (difficult vs. easy) and Time, and it was used to check whether the change in mechanical sensitivity from time T0 to T1/T2 depended on the condition participants belonged to; To interpret the fixed intercept as the grand mean of mechanical sensitivity, we dummy coded time and condition so that their mean could be equal to zero. 
To check our assumptions, we used the following procedure. First, the assumption of linearity was graphically checked by plotting the model residuals vs. the outcome (mechanical sensitivity). Second, to check the homogeneity of variance we extracted the residuals from the model. We then used their absolute value before squaring them and we finally compared the subjects’ residuals using an ANOVA. Third, the normality of the residuals was checked graphically and statistically using a Shapiro test. Because this assumption was not met, we logarithmically transformed the outcome as a sensitivity check (mechanical sensitivity). Since our results were identical under both the transformed and raw outcome, we deemed that the violation of this assumption was not practically significant. We report results using raw mechanical sensitivity as our outcome measure.
Assessing the influence of attentional load on mechanical sensitivity spatial extent 
To assess whether the proximal-distal length (intended as an estimate of the mechanical sensitivity spread among the HFS-treated forearm) in the high-attentional load condition was on average lower than the length developed in the low-attentional load condition at T1 and T2, we performed a one-sided independent sample t-test, separately per each time point. Before running the parametric test, we checked whether the variables to be compared met all the assumptions: (1) independence of the observations, (2) homogeneity of variance and (3) normality.
Explorative analysis 
HFS-related pain as a possible moderator of the change in mechanical sensitivity 
To assess whether the change in mechanical sensitivity from T0 to T1 and T2 is predicted by pain experienced during the delivery of HFS we used a linear mixed model. Specifically, we looked at the interaction between time (T0  T1 and T2) and the pain experienced during HFS. We specified people’s overall mean mechanical sensitivity using a fixed effect (i.e., 1), and the average deviation of each person’s mean score from this average, using random effects (i.e., 1 | Subject), and we modelled the change in mechanical sensitivity over time using a fixed slope (i.e., time). To interpret the fixed intercept as the grand mean of mechanical sensitivity, we dummy coded time time and pain during HFS so that their mean could be equal to zero. For the analysis, we used the R package lme4[5]. The syntax is as follows:  
Mechanical sensitivity ~ 1 + time + time:Pain_During_HFS  + Pain_During_HFS + (1 | PT). 
Assessing the influence of attentional load on the control arm 
To check whether the mechanical sensitivity assessed on the control arm (the arm not sensitized) changed over time, we used a liner mixed model. Specifically, we looked at the interaction between time (T0  T1 and T2) and condition ( difficult task vs. easy task). We specified people’s overall mean mechanical sensitivity on the control arm using a fixed effect (i.e., 1), and the average deviation of each person’s mean score from this average using random effects (i.e., 1 | Subject), and we modelled the change in mechanical sensitivity over time using a fixed slope (i.e., time). To interpret the fixed intercept as the grand mean of mechanical sensitivity, we dummy coded time and condition so that their mean could be equal to zero. For the analysis, we used the R package lme4[5]. The syntax is as follows:  
Mechanical sensitivity_controlArm ~ 1 + time +(1 |PT) + Condition + Time: Condition. 
Individual differences as possible moderators of the change in mechanical sensitivity after HFS
To explore whether individual differences in (1) trait anxiety, (2) pain vigilance and awareness and (3) pain anxiety symptoms moderated the development of mechanical sensitivity on the HFS-treated arm, we used separate multiple linear mixed models for each psychological trait considering the interaction between Time (T0 to T1 and T2) and each scale’s total score (grand-mean centred). We specified people’s overall mean mechanical sensitivity using a fixed effect (i.e., 1), and the average deviation of each person’s mechanical sensitivity score from this average, using random effects (i.e., 1 | Subject). The syntax is as follows:  
(Mechanical sensitivity ~ 1+ time + (1|PT) + Tot_score + Tot_score:time, with Tot_score being the total score of each questionnaire.) 
Results 
Data availability
	 Tables in SDC present the descriptives (mean ± standard deviation) per condition of all
reported measures. The data are available via 
[The final analysis scripts and results files will be uploaded upon publication of the paper in a peer-reviewed journal.]
Participants
	Out of the initial 92 participants, 7 had to be excluded from the analysis; 6 of them withdrew from the study after the first HFS train, and 1 individual was found to have rehearsed aloud the sequence of numbers during task performance. As a result, the final sample size comprised 43 participants in the easy-task group and 42 participants in the difficult-task group (N=85; Age, mean ± SD = 23.1± 3.8; Nationality (%) = Belgian 70,6%; Gender (%) = 74.1% Female; Digit Span = 7± 0.8; see Table SDC-1). Subjective threshold to a single electrical stimulus did not differ between the difficult (N=42, mean ± SD = 3.86± 1.24) and the easy (N= 43, mean ± SD = 3.84 ± 1.16) groups, as confirmed by Wilcoxon signed-rank test (V= 817, d= .018 p=.87). 
Accuracy in the task, Task perceived difficulty and perceived pain during HFS 
Accuracy in the task, i.e., number of correct answers during the trials of the visual task paired with the HFS trains,  was significantly different between the difficult-task condition (Mdn= 7, IQR= 4, range= 1- 12) and the easy-task one (Mdn=12, IQR= 1, range= 3-12; V= 179, p > .001, r=.7), confirming that the difficult task was more demanding than the easy one. For the easy task, accuracy pre and post-HFS (Mdn =12, IQR= 0, range = 3-12) did not differ on average from the accuracy during the HFS (V= 52, p = 1, r= .05). Similarly, for the difficult task, we found no significant difference in the accuracy pre and post-HFS (Mdn =8, IQR= 3, range = 1-12) as compared to the accuracy during HFS (V= 221, p= .12, r = .11; Figure SDC-2). This suggests that participants in both groups managed to stay focused on the task during the application of HFS. 
Furthermore, at the end of the procedure, we asked participants to indicate whether they perceived that their performance was better (1) during HFS, (2) pre-post HFS, or (3) no difference. In the difficult condition, 22 out of 42 participants declared pre-post HFS, 12 out of 42 with HFS and the rest 8 found no difference in their performance. In the easy task, 15 out of 43 pre-post HFS, 8 out of 43 during HFS, and the rest 20 found no difference in their performance. 
Perceived difficulty in the difficult-task condition (Mdn= 44, IQR= 30.5, range= 0-86) was significantly different from perceived difficulty in the easy-task condition (Mdn= 3, IQR= 11, range= 0- 60; V = 1633, p < .001, r = .7; Figure SDC-3). Hence, participants performing the difficult task as compared to the ones performing the easy task, clearly perceived that the task was difficult. 
Pain ratings in the difficult-task condition (Mdn= 50.5, IQR= 33.8, range= 2- 100) did not differ on average from the easy-task one (Mdn= 50, IQR= 32, range= 15- 73; V= 926, p= .84, r= .0215; see figure Figure SDC-1). 
Mechanical pinprick sensitivity intensity assessed on the HFS-treated arm: difficult-task VS easy-task groups 
We fitted a linear mixed model to check whether mechanical sensitivity developed on the HFS-treated arm (i.e., measurement) varied from T0 to 20 minutes (T1) and 40 minutes (T2) (i.e., time), after the sensitization procedure and if the change depended on the Condition (model: measurement ~ 1 + time + 1|PT + time: Condition). 
[bookmark: OLE_LINK17][bookmark: OLE_LINK18]For T0 to T1, the model's total explanatory power is substantial (conditional R2 = 0.59) and the part related to the fixed effects alone (marginal R2) is 0.18. The model's intercept, corresponding to time (0) and Condition is at 24.02 (95% CI [21.19, 26.85], t (165) = 16.75, p < .001). Within this model, the effect of time is statistically significant and positive (beta = 14.10, 95% CI [10.81, 17.38], t (165) = 8.47, p < .001; Std. beta = 0.42, 95% CI [0.32, 0.52]). The interaction effect of Condition on time is instead statistically non-significant and positive (beta = 4.37, 95% CI [-2.20, 10.94], t (165) = 1.31, p = 0.191; Std. beta = 0.07, 95% CI [-0.03, 0.16]; see Figure 2-A). 
For T0 to T2, the model's total explanatory power is substantial (conditional R2 = 0.60) and the part related to the fixed effects alone (marginal R2) is 0.18. The model's intercept, corresponding to time (0) and Condition (0) is at 23.92 (95% CI [21.05, 26.79], t (165) = 16.45, p < .001). Within this model, the effect of time is statistically significant and positive (beta = 13.89, 95% CI [10.62, 17.17], t(165) = 8.37, p < .001; Std. beta = 0.41, 95% CI [0.32, 0.51]). The effect of time × Condition is statistically non-significant and positive (beta = 5.53, 95% CI [-1.02,12.09], t (165) = 1.67, p = 0.098; Std. beta = 0.08, 95% CI [-0.02, 0.18]; see Figure 2-B). 
To summarize, we found a significant effect of time on the change of mechanical sensitivity from a baseline measurement (T0) to both 20 minutes (T1) and 40 minutes (T2) after the sensitization procedure, but no significant difference between the two conditions (Difficult-task vs Easy-task) in either of the two models. This implies that independently of the attentional manipulation, both groups presented a similar change in mechanical sensitivity after HFS. 
A summary of the results can be found at Table 1, titled "Model Results Summary”.
[Insert Figures 2A and 2B here ]

Influence of attentional load on the spatial extent of mechanical pinprick sensitivity 
	The length of the proximal-distal axis assessed 20 minutes after the delivery of HFS in combination with the working memory task (T1) did not differ on average between the two groups, as confirmed by the one-sided unpaired sample t-test (Easy group, (N= 43; 9.23 ± 2.71) Difficult group (N= 42; 9.56 ± 2.66); t (83) = .55, d= .121, p = .711; see figure 3-A). 
Similarly, at T2 (40 minutes after), we did not find any statistical difference between the two conditions (Easy Task (N= 43; 8.5 ± 3.20); Difficult Task (N= 42; 9.28 ± 2.75); t (83) = 1.19, d= .260, p = .88; see figure 3-B). 	

[ Insert Figures 3A and 3B here ]

Pain as a moderator of the change in mechanical sensitivity over time 
We fitted a linear mixed model to assess whether the change in mechanical sensitivity on the HFS-treated arm from T0 to 20 minutes (T1) and 40 minutes (T2) (i.e., time) after the delivery of HFS could be predicted by the pain experienced during HFS.
The model's total explanatory power is substantial (conditional R2 = 0.69) and the part related to the fixed effects alone (marginal R2) is 0.31. The model's intercept, corresponding to time =0 and Pain_During_HFS = 0, is at 19.34 (95% CI [16.32, 22.37], t(249) = 12.58, p < .001). Within this model, the effect of time is statistically significant and positive (beta = 6.96, 95% CI [5.47, 8.45], t(249) = 9.21, p < .001; Std. beta = 0.32, 95% CI [0.25,0.39]); the effect of pain during HFS  is statistically significant and positive (beta = 0.30, 95% CI [0.15, 0.45], t(249) = 3.84, p < .001; Std. beta = 0.46, 95% CI [0.31, 0.61]). The effect of time × Pain During HFS is statistically significant and positive (beta = 0.11, 95% CI [0.03, 0.19], t(249) = 2.88, p = 0.004; Std. beta = 0.10, 95% CI [0.03, 0.17]; see figure 4). To summarize, we found a significant effect of time on the change of mechanical sensitivity from a baseline measurement (T0) to both 20 minutes (T1) and 40 minutes (T2) after the sensitization procedure and a significant positive interaction between the change in mechanical sensitivity and pain experience during HFS. A summary of the results can be found at Table 1, titled "Model Results Summary”.

[ Insert Figure 4 here ]

Mechanical pinprick  sensitivity assessed on the control arm 
We fitted a linear mixed model to assess whether mechanical sensitivity assessed on the control arm (i.e., measurement) varied from T0 to 20 minutes (T1) and 40 minutes (T2) (i.e., time), after the sensitization procedure and if the change depended on the Condition (model: measurement ~ 1 + time + Condition+  1|PT + time: Condition). The model included PT as a random effect (formula: ~1 | PT). The model's total explanatory power is substantial (conditional R2 = 0.82) and the part related to the fixed effects alone (marginal R2) is 9.21e-03. The model's intercept, corresponding to time = 0 and Condition = 0, is at 15.57 (95% CI [13.51, 17.63], t(249) = 14.89, p < .001). Within this model: the effect of time is statistically significant and negative (beta = -1.57, 95% CI [-2.88, -0.25], t(249) = -2.35, p = 0.020; Std. beta = -0.06, 95% CI [-0.12, -9.99e-03]). However, given the small effect size, i.e., -0.06 and the large range of the CI, we can consider this change negligible. The effect of the Condition is statistically non-significant and positive (beta = 1.51, 95% CI
[-2.61, 5.63], t(249) = 0.72, p = 0.472; Std. beta = 0.07, 95% CI [-0.13, 0.28]). The effect of time × Condition is statistically non-significant and negative (beta = -0.23, 95% CI [-2.86, 2.40], t(249) = -0.17, p = 0.862; Std. beta = -4.67e-03, 95% CI [-0.06, 0.05]). Hence, the control arm seems to not provide any useful addition to the model. A summary of the results can be found at Table 1, titled "Model Results Summary”.

[ Insert Table 1 ]

Individual differences as possible moderators of the change in mechanical sensitivity 
The psychological characteristics evaluated through trait anxiety, pain vigilance and awareness, and pain anxiety symptom questionnaires did not significantly moderate the change in mechanical sensitivity (see SDC-Table 3 for details).
[bookmark: _Hlk139629680]


Discussion
	In this study, we investigated whether being engaged in a working memory task would affect central sensitization using mechanical pinprick sensitivity as a proxy. Specifically, we hypothesized that participants who performed a demanding and engaging working memory task would exhibit reduced secondary hypersensitivity 20 and 40 minutes after receiving high-frequency stimulation (HFS) compared to those who performed an easier task with no working memory. We predicted this reduction would be observed in both the spatial extent and intensity of mechanical pinprick sensitivity. Our hypothesis was grounded in the neurocognitive model of attention [38] which claims that while pain can capture our attention automatically through a bottom-up selection process, top-down processes can modulate pain perception by directing attentional resources to more demanding tasks involving working memory thereby reducing attention allocated to pain. In our study, the participants’ lower accuracy and higher perceived difficulty in the difficult working memory task confirmed its greater demand compared to the easy task. However, contrary to our hypothesis, we found no significant difference in the development of mechanical hypersensitivity between the two groups. These findings converge with prior literature [46,47] questioning the hypothesis that attentional demand contributes to the development of central sensitization. 
Alternative explanations supporting the lack of evidence
	By considering the strengths and limitations of prior research alongside our findings, we propose alternative explanations in support of the absence of evidence, namely that attentional demand alone does not modulate the developmmnet of mechanical hypersensitivity. Considering the evidence demonstrating the modulatory effect of attention on the perception of ongoing pain and other nociceptive responses (e.g., [19,35–37,39,41,68,74,78]), one possible explanation for the absence of evidence could be related to the fact that cognitive modulation of ongoing pain and pain sensitization rely on different mechanisms. As secondary hypersensitivity is known to result from increased excitability of nociceptive neurons in the spinal dorsal horn [52,59,72,86], it is suggested that cognitive factors may also modulate the development of central sensitization by modifying the spinal transmission of sensitizing nociceptive inputs [2,3,9,21,64,65,70]. However, it remains unclear whether attention can directly affect nociceptive spinal excitability. So far, only a single imaging study provides evidence of attentional modulation on spinal responses to painful heat stimuli during a demanding attentional task [64]. Other studies have reported indirect evidence showing that cortical and subcortical areas involved in the descending modulatory system can be modulated by the attention [71,73]. Additionally, studies measuring withdrawal reflexes as indices of nociceptive spinal activity have yielded conflicting results [16,27]. Most neuroimaging studies have shown that attention modulates the activity of brain regions involved in the processing of nociceptive inputs i.e., through the ascending system [4,11,12,36,39,41,48–50,68,83]. Thus, it has been proposed that attention acts on pain and other nociceptive-related responses by controlling the gain of cortical areas that receive and process nociceptive inputs [39]. In other words, the attentional influence observed in most studies on ongoing pain may result primarily from modulation of the ascending neural system rather than from descending modulatory control over spinal activity. To gain a comprehensive understanding of the role of attention in pain sensitization and the development of secondary hypersensitivity, it might therefore be necessary to conduct further investigations that specifically examine the influence of attention on the spinal transmission of nociceptive inputs. 
Secondly, the observation that central sensitization appears to be less influenced by attentional processes compared to ongoing pain raises important questions about its functional role and adaptive significance. Pain serves as a crucial protective mechanism, alerting us to potential harm and promoting actions to ensure survival. In this context, ongoing pain that occurs during noxious stimulation can be minimized through attentional selection processes when competing with other over-ordered cognitive goals [8,74]. Central sensitization, on the other hand, is a mechanism by which the body becomes more responsive in the presence of prolonged or sustained physical danger [34,84]. Enhancing the responsiveness of the nervous system might ensure heightened vigilance and protection in the face of persistent or recurring threats but also the absence of ongoing tissue damage. Its functional importance for adaptation and evolution may suggest that allowing cognitive influences to inhibit central sensitization could potentially jeopardize an individual's survival [82]. However, studies have shown that psychological factors can modulate the development of central sensitization in humans, indicating that it is not entirely impervious to cognitive influences [23,30,43,58,67,69,76]. In line with this evidence, we found that at a group level, the pain experienced during the sensitization procedure moderated the development of mechanical sensitivity. Although this result should be taken with caution since this evaluation was carried out posteriorly, this may suggest that since we were not able to manipulate the pain experienced during HFS, we did not observe any difference in the amount of mechanical sensitivity developed. This underlines that future studies should further investigate this phenomenon by developing theoretical models and experimental procedures specific to the potential cognitive modulation of central sensitization and the context in which it develops.
Limitations and future directions 
[bookmark: _Hlk134024775]While our findings may appear to support the the lack of evidence, we recognize that there is still room for improvement and that future studies could build upon the limitations of our research. First, despite confirming that the difficult working memory (WM) task was more demanding, than the easy task without WM, our finding revealed no significant difference in performance when high-frequency stimulation (HFS) was present or absent within the difficult task. This may suggest that the short duration of the HFS stimuli did not significantly interfere with participants' ability to maintain attention on the task at hand [19]. Although we attempted to create an attentional competition between HFS pulses and the working memory task, the short duration of HFS trains may have allowed participants to focus on both. To this end, previous studies [19,60] suggest that long painful stimulation more than short painful stimuli (such as HFS) can lead to increased interference with attention and working memory tasks. This interference is believed to occur because attentional resources are directed towards the prolonged painful stimulus, thereby reducing the available resources for cognitive tasks [38,68]. Translated to our study, this would imply that the short duration of HFS may have allowed participants to quickly refocus their attention back on the task. Nevertheless, the self-reported data indicated that a significant number of participants in the difficult task condition perceived their performance to be better without HFS. This suggests a common belief that painful stimuli can disrupt performance, even though this may not always be the case [79]. In this regard, Sinke et al., [60] showed that participants' expectations of the pain's impact on their performance correlated with their working memory performance. This finding indicates that the anticipation or expectation of pain can also influence cognitive functioning. Consequently, solely examining the accuracy of the task may not be sufficient to determine the effectiveness of the attentional manipulation. Moreover, our findings suggest that further research is needed to investigate the impact of HFS on cognitive processes and whether the duration and intensity of HFS can significantly disrupt attention to a task.  
Secondly, we found that the two groups rated the HFS stimuli as similarly painful ( similar results in [46]). This may suggest that the saliency of HFS may have exceeded that of the visual stimuli presented in the working memory task. Salience refers to a stimulus’s ability to stand out relative to other surrounding or preceding stimuli [40,85]. The intensity of a nociceptive stimulus contributes to increasing its salience and to making it more disruptive. If competition for attention between painful and non-painful stimuli exists [38,74], it is possible that the task demand alone was not sufficient to fully direct all attentional resources towards the task, especially considering the highly salient and painful nature of the HFS stimuli. This aligns with the neurocognitive model of attention, which proposes that saliency plays a role in determining where attention is directed. To enhance the relevance of the visual task and counteract the saliency of the painful stimuli, one potential solution could be to increase the perceived importance or relevance of the task [74]. According to Vogel et al., [81], the perceived relevance of a demanding task and the participant's motivation to perform it are crucial factors in reducing pain. While we attempted to engage participants in the difficult task by offering a monetary reward, it is possible that they did not perceive the reward as a sufficient incentive. Since we did not measure participants' motivation or their perception of the reward's adequacy, we cannot determine whether the monetary incentive was perceived as a positive motivator. Further research would be necessary to investigate the specific types of positive incentives that effectively influence attentional resource allocation to a task, thereby potentially reducing pain sensitization. 
Conclusion 
In summary, our finding suggests that cognitive demand alone does not inhibit the process of pain sensitization. We suggest evaluating the differences between ongoing pain and hypersensitivity to pain. Moreover, investigating task engagement, motivation, and pain modulation during the sensitization procedure, might enhance our understanding of the complex relationship between central sensitization and top-down attentional modulation.
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Figure legends 
Figure 1. (A) Overview of the experimental procedure. Participants were first screened for inclusion and exclusion. Then, they completed psychological questionnaires and a digit span test. At T0, their baseline mechanical sensitivity was measured at both ventral forearms. Next, participants underwent 12 trains of high-frequency electrical stimulation at 42Hz on their non-dominant arm while performing either an easy or difficult task. Mechanical sensitivity was measured again at T1 and T2, and the length of increased sensitivity was measured at the HFS-treated arm at both time points. (B) One trial of the task (difficult B-1 and easy B-2) combined with HFS. 


Figure 2. Raincloud plots depicting group differences in mechanical pinprick sensitivity and change over time, A from T0 to T1 and B from T0 to T2. Difficult task-condition is coded in violet while the Easy task condition is in yellow. Each dot represents a single participant. The continuous coloured lines represent the rate of change in mechanical sensitivity per participant. The dashed line represents the average mean of change in the sample. The group distribution is represented through box plots, with bold lines representing the median. The continuous lines indicated with “***” means that there was a significant effect of time. However, no difference between the two conditions was found. 


Figure 3. Violin plots depicting group differences in the spatial extent of mechanical sensitivity, A at T1, and B at T2. Difficult task-condition is coded in violet while the Easy task condition is in yellow. Each dot represents a single participant. The bold lines in the boxplots represent the median of the extent of the area of increased mechanical sensitivity. The continuous line indicated with “ns” means that there was no significant difference between the two conditions, attended and unattended.


Figure 4. Line charts showing the interaction between the change of mechanical sensitivity and the pain experienced during HFS. The pain experienced during HFS is coded using a gradient of colour starting from violet for a low pain intensity to green and yellow for a maximal pain intensity. Each dot represents a single participant’s mechanical sensitivity at T0 (baseline assessment), at T1 (20 minutes after HFS) and T2 (40 minutes after the HFS). The continuous coloured lines represent the rate of change in mechanical sensitivity per participant at the different time points. The graph shows that a lower pain experienced during HFS is associated with a lower change of mechanical sensitivity. 

Table Legends 
Table 1. Models Results Summary. Beta estimates, standardized values, both including Confidence Intervals (CI), and p-values relative to the factors used as predictors in the three different models.
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