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Abstract 

The pleasurable urge to move to music (PLUMM) elicits activity in motor and reward areas of the brain 

and is thought to be driven by predictive processes. Dopamine within motor and limbic cortico-striatal 

networks is implicated in the predictive processes underlying beat-based timing and music-induced 

pleasure, respectively. This suggests a central role of cortico-striatal dopamine in PLUMM. This study 

tested this hypothesis by comparing PLUMM in Parkinson’s disease patients, healthy age-matched, and 

young controls. Participants listened to musical sequences with varying rhythmic and harmonic 

complexity (low, medium, high), and rated their experienced pleasure and urge to move to the rhythm. 

In line with previous results, healthy younger participants showed an inverted U-shaped relation 

between rhythmic complexity and ratings, with a preference for medium complexity rhythms, while age-

matched controls showed a similar, but weaker, inverted U-shaped response. Conversely, PD patients 

showed a significantly flattened response for both the urge to move and pleasure. Crucially, this 

flattened response could not be attributed to differences in rhythm discrimination and did not reflect an 

overall decrease in ratings. Together, these results support the role of dopamine within cortico-striatal 

networks in the predictive processes that form the link between the perceptual processing of rhythmic 

patterns, and the affective and motor responses to rhythmic music.  

Keywords: Parkinson’s Disease, music-induced pleasure, predictive processes, rhythm, harmony, 

dopamine, basal ganglia 
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1. Introduction 

When listening to rhythmic music, we often feel an automatic and pleasurable urge to tap our feet or 

bob our heads along with the underlying beat or pulse of the rhythm. This pleasurable urge to move to 

music (PLUMM) is a key component of groove 1–6, and highlights the deep connection between music, 

movement, and pleasure. In a recent neuroimaging study, we showed that PLUMM is associated with 

greater activity in dorsal and ventral striatal regions within the basal ganglia (BG), along with cortical 

regions associated with motor and limbic cortico-striatal loops 7,8. This aligns with previous work 

implicating these loops in the predictive processes thought to drive both rhythm perception and music-

induced pleasure, along with motor timing and reward processes more generally. For example, the 

motor cortico-striatal loop is consistently engaged during rhythm and beat perception, and production 9–

14, whereas the limbic cortico-striatal loop is implicated in music-induced pleasure 15–21. Within cortico-

striatal networks, dopamine seems to have a functional role in both beat-based 22–26 and motor timing 
27, as well as music-induced pleasure 18,28,29. This confluence of musically relevant timing, motor, and 

reward processes suggests a key role of cortico-striatal dopamine in PLUMM 8. To directly test this, we 

compared ratings of pleasure and wanting to move in two groups of Parkinson’s Disease (PD) patients, 

as well as age-matched and younger healthy controls. 

Dopamine is thought to be necessary for the predictive processes that are fundamental to motor timing 

and reward computations 30–32, likely via separate pathways within motor and limbic cortico-striatal 

loops. The motor cortico-striatal loop, including the putamen, premotor cortex, and supplementary 

motor area, encompasses the nigrostriatal dopaminergic pathway, wherein dopaminergic cells in the 

substantia nigra pars compacta project to the dorsal striatum, including the putamen and caudate. 

Nigrostriatal dopamine is implicated in timing processes in the hundreds of milliseconds range that are 

necessary for sensory anticipation and motor preparation 31,33–35. The limbic cortico-striatal loop, 

including the nucleus accumbens and medial prefrontal cortices, encompasses the mesolimbic 

dopaminergic pathway, wherein cells in the ventral tegmental area project to the ventral striatum 

including the nucleus accumbens. Longstanding models suggest that mesolimbic dopamine codes for 

reward prediction errors, indicating whether a reward was better or worse than expected 32. Recent 

empirical and theoretical work suggest an expansion of the role of striatal dopamine to include sensory 

prediction errors (when sensory outcomes deviate from predictions), as well as the certainty of 

sensorimotor, state, or value representations 36–38. 

Predictive processes are crucial to the perception and production of music, as well as affective 

responses including PLUMM. Music is often highly structured both in time and tonal space. 

Embellishments on, or deviations from this structure can elicit prediction confirmations or errors, and in 

turn, affective and motor responses within listeners 39–44. In terms of PLUMM, there is an inverted U-

shaped relation between urge to move and pleasure ratings, and rhythmic complexity (predictability), 

wherein the highest ratings are elicited by rhythms that are neither too simple (predictable) nor too 

complex 2,45–49. A predictive processing account suggests that this pattern is driven by both the number 

of rhythm-based temporal prediction errors and the certainty of the antecedent predictions 43,44,50,51. 

According to this framework, predictions arise from an internal model based on prior experience. In the 

case of rhythmic music, the model is the meter, which, in western musical traditions is the pattern of 

strong beats (when a note is very likely to occur) and weak beats (when a note is less likely). Therefore, 

moderately complex, high-PLUMM rhythms are regular enough to enable relatively precise metrical 

predictions and complex enough to challenge them. Recently, harmonic complexity was also shown to 

influence PLUMM via its effect on pleasure, in contrast to rhythmic complexity which directly affects 
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both the urge to move and pleasure 46. This suggests that the urge to move and pleasure can be at least 

partially disentangled via the differential effects of rhythm and harmony. 

The role of dopamine in temporal and reward-related predictive processes is well established, however, 

it has yet to be linked to PLUMM. A recent theoretical model suggests that nigrostriatal dopamine plays 

a key role in probabilistic representations of the musical beat and thus supports beat-based motor and 

perceptual timing 52. This is consistent with studies involving patients with PD, which is characterized by 

cell loss in the substantia nigra leading to dysregulated dopamine in the nigrostriatal pathway and thus 

problems with motor-timing (e.g., dysfunctional gait and bradykinesia). Specifically, PD patients show 

poorer performance and altered brain activity during perceptual and motor tasks that rely on beat-

based timing 22–24,26,53–62. More generally, PD patients show a reduced urge to engage with music via 

dancing or singing 63, suggesting a weakened link between music and movement.    

The BG and dopamine are also implicated in music-induced pleasure 18,28,29. Activity in the limbic cortico-

striatal loop, as well as functional and structural connectivity within this loop, and between the striatum 

and auditory cortex, are associated with music liking 15–17, music wanting (i.e., the money one is willing 

to spend on a given piece; Salimpoor et al., 2013), and music reward sensitivity 64,65. Activity in the 

nucleus accumbens has also been linked to the predictive processes thought to underlie music-derived 

pleasure 19–21,66. Evidence of a causal role for striatal dopamine in music-induced pleasure more 

generally comes from two parallel lines of research showing that modulations in BG activity or 

dopamine availability results in corresponding modulations in liking and wanting of music 28,67. However, 

many of these studies have focused on harmonic predictions rather than the temporal predictions that 

dominate in PLUMM (Matthews et al., 2019). 

Given the role of dopamine within cortico-striatal networks in both rhythm-based predictive timing and 

music-derived pleasure, we investigated the link between cortico-striatal dopamine and PLUMM by 

comparing urge to move and pleasure ratings in PD patients along with healthy older and younger 

controls. We hypothesized that the inverted U-shaped relation between rhythmic complexity, wanting 

to move and pleasure would be altered in PD patients compared to controls but that the relationship 

between harmonic complexity and PLUMM would be unaffected. Aging has also been linked to changes 

in neural and behavioural correlates of rhythm 68–74 and reward processing 75–78. Therefore, the inclusion 

of both healthy older and younger controls also allowed us to examine any age-related changes in 

overall PLUMM response.   
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2. Material and Methods 

2.1. Participants 

The study was conducted at the Center for Music in the Brain, Aarhus University, Denmark. A total of 

112 participants performed the experiment. Data from 101 of these participants were analysed after 11 

PD patients were excluded from the analysis due to incomplete data. Table 1 shows a summary of 

demographic data.  

PD patients (age 46-80) were diagnosed with idiopathic PD, in early- to mid-stages based on the Hoehn 

& Yahr scale 79,80, who were diagnosed by a certified neurologist according to the Movement Disorder 

Society (MDS) diagnostic criteria 81. PD patients whose symptoms exceeded stage III on the Hoehn & 

Yahr scale (Hoehn & Yahr, 1967) were excluded from the analysis to avoid confounding effects of 

cognitive impairments associated with late-stage PD. Additionally, patients were excluded if they were 

in treatment with deep brain stimulation or if they suffered from severe walking and balance problems, 

had important uncontrolled metabolic problems (e.g., diabetes, hypertension), hearing loss, or any 

other neurological or psychiatric disorders. Patients were instructed to maintain their regular 

medication regimen which included levodopa for all patients except for three who were only taking a 

dopamine agonist. Dopamine agonist medication is often taken in combination with levodopa and the 

combination can lead to disruptions in motivation and reward processes 82. To control for these effects, 

the PD patients were divided into two groups, those who were taking dopamine agonist medications 

(PDDA; n = 23) and those who were not (PDnonDA; n = 24). There were two groups of healthy controls; age-

matched older adults (HCold; age 47-77; n = 27) and younger adults (HCyoung; age 21-33; n = 27).  HCs had 

normal hearing and reported no metabolic, neurological, or psychiatric disorders. All participants in the 

HCold group and in both PD groups reported their nationality as Danish. Nineteen participants in the 

HCyoung group reported their nationality as Danish while the remaining participants reported their 

country of nationality as Poland, German, Egypt, Philippines, Netherlands, UK, Turkey, and Brazil. 

All participants gave their consent verbally and in written form before the experiment. The study was 

conducted in accordance with the Declaration of Helsinki and approved by the Internal Review Board at 

the DNC (Dansk Neuroforskningscenter), Aarhus University Hospital, Aarhus, Denmark. Patients received 

no compensation for participating in the study, but the costs of transportation were covered. Healthy 

controls received 200 DKK, in compensation for their participation in the two-hour experiment. 

2.2. Behavioural Questionnaires and Musical Ear Test 

All participants filled out the Major depression inventory (MDI) to exclude depression 83 and the 

Montreal cognitive assessment (MoCA) to exclude dementia 84. PD patients filled out the MDS-Unified 

Parkinson's disease rating scale (MDS-UPDRS-III) to ensure PD diagnosis 85. Authorization to use 

materials owned by the International Parkinson and Movement Disorder Society (MDS) was granted to 

author VPN, for research purposes only. Additionally, rhythm and melody discrimination ability was 

assessed in all participants via the Musical Ear Test (MET; 86. Table 1 shows a summary of questionnaire 

and MET data. 

2.3. PLUMM rating paradigm 

Participants listened to and rated experienced pleasure and wanting to move for rhythmic stimuli drawn 

from previous studies in our lab 8,46,49. Stimuli varied in rhythmic complexity, measured via the 

syncopation index 87,88 which captures the degree to which a pattern deviates from the meter (in this 
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case 4/4). There were three levels of rhythmic complexity (Low, Medium, and High) with three different 

rhythms in each level. The rhythmic patterns were made up of piano chords (six notes spanning four 

octaves in D Major) with a single chord repeating within pattern/sequence, along with an isochronous 

hihat (corresponding to eighth notes). The rhythms also varied across three levels of harmonic 

complexity, with three different chords per level. Harmonic complexity corresponded to the degree to 

which the chords deviated from the D Major key and was quantified as roughness using the MIR Toolbox 

in Matlab 89–91. The rhythms and chords were combined into six versions (i.e., six out of the nine possible 

combinations) of each rhythmic and harmonic complexity combination (e.g., high rhythmic complexity, 

low harmonic complexity), for a total of 54 stimuli. The sequences were presented at 96 bpm and lasted 

10 seconds. All stimuli were created using Cubase (Steinberg Media Technologies).  

At the start of the task, participants listened to two musical sequences that were not part of the 

experiment, to adjust the volume to a comfortable level. Participants listened to each sequence and 

rated pleasure and wanting to move on a 5-point Likert scale (1 = no pleasure/not wanting to move, 5 = 

very pleasurable/want to move), by using numbers on the computer keyboard to select their rating. The 

ratings were made according to the following questions: a) To what extent does this rhythm make you 

want to move? and b) How much pleasure do you experience listening to this rhythm? Following 

stimulus presentation, participants were given five seconds to make their rating. Ratings were made for 

all 54 stimuli in two consecutive sessions, wanting to move then pleasure, to avoid influences of one 

rating on the other. Within each session, each musical sequence was presented in a fully randomized 

order. Participants listened via Beyerdynamic DT 770 Pro headphones.  

2.4. Statistical analysis 

Only data from participants who completed all questionnaires, and all trials of the PLUMM rating 

paradigm were analysed. Therefore, the analyses described below are implemented on a complete data 

set with no missing values (N = 101). 

Behavioural questionnaires and Musical Ear Test 

Descriptive and inferential statistics of data were performed using R (version 4.1.1) in RStudio. Non-

parametric (Kruskal-Wallis rank sum) tests were used to check for differences in demographic, cognitive, 

motor, and depression questionnaire responses between groups. Post-hoc analyses were conducted 

using the Dunn test of multiple comparisons corrected with the Bonferroni method.  

The MET results showed a normal distribution; therefore, a one-way ANOVA was conducted to compare 

the groups. Post hoc analyses were conducted using the Tukey HSD multiple comparisons of means test 

with a 95% family-wise confidence level.  

Wanting to move and pleasure ratings 

Effects of group, rhythmic and harmonic complexity, and their interactions, on wanting to move and 

pleasure ratings were investigated using two separate regression models. Data from all four groups 

(HCold, HCyoung, PDDA, PDnonDA) were included in these models. As there were between-group differences 

in years of education, years of formal music training, and MDI score, these variables were included as 

covariates. The two models were submitted to separate Type III sum of squares analysis of variance 

(ANOVA) to test for main effects and interactions. If the ANOVA showed a significant or near-significant 

three-way interaction, F-tests were used to test for a rhythm by harmony interaction simultaneously in 

all groups. Second-order polynomial and pairwise contrasts were used to test quadratic and linear 
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effects of rhythmic and harmonic complexity, and to compare these effects between groups, using the 

emmeans package (Lenth et al., 2018). For the ANOVAs, the degrees of freedom were estimated using 

the Satterthwaite method. For the follow-up contrasts, degrees of freedom were estimated using the 

Kenward-Roger method and the multivariate t method was used to correct for multiple comparisons.   

Finally, we tested correlations between the ratings and PD motor symptom severity in PDDA and PDnonDA, 

and age and MET scores in PDDA, PDnonDA, and HCold. A summary measure capturing the pattern of ratings 

(Medium – (Low + Medium)/2), calculated on estimated ratings from the models were used in the 

correlations.  False discovery rate was used to correct for multiple correlations.  

To account for inter-individual variability, as well as variability between versions of stimuli (items) within 

the same complexity levels, the regression models were estimated using linear mixed effects models on 

the raw pleasure and wanting to move ratings using lme4 (Bates et al., 2015) and afex (Singmann et al., 

2013) packages. Random effects structures were determined following the recommendations of Bates 

et al. (2015) and Matuschek et al. 92. For both models, this resulted in by-participant random intercepts 

and random slopes for both rhythmic and harmonic complexity, as well as by-item random intercepts. 

Correlations between by-participant random slopes and intercepts were included for the analysis of 

wanting to move ratings but not pleasure ratings. Diagnostic plots of residuals indicated no violations of 

assumptions in either model.  
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3. Results 

3.1. Demographic and Behavioural Questionnaires 

Demographic and questionnaire data are presented in Table 1. A Kruskal-Wallis test indicated that PDDA, 

PDnonDA, and HCold were matched in terms of age (χ2(2) = 1.21, p = .55) and MoCA scores (χ2(3) = 7.03, p = 

.07). Dunn tests showed no significant differences between PDnonDA and PDDA in years since PD diagnosis 

(p = .25), UPDRS (p = .23), or Hoehn & Yahr scale (p = .24). The groups differed in terms of gender ratio, 

with the HCold being predominantly female and the PD groups being predominantly male. The groups 

also differed for years of education (χ2(3) = 25.66, p < .001), with HCyoung having more education than all 

other groups (all p < .001). A significant effect of group on musical training (χ2(3) = 12.99, p = .004) was 

driven by HCyoung having more years of musical training than both PD groups (both p < .05), but not HCold. 

There was no significant effect of group on hours spent interacting with music (χ2(3) = 3.98, p = .26). 

There was a significant effect of group on MDI scores (χ2(3) = 25.05, p < .001) driven by significantly 

lower scores in HCold and HCyoung compared to PDDA (both p < .05) and HCyoung compared to PDnonDA (p = 

.001). As there were between-group differences in years of education, years of formal music training, 

and MDI score, these variables were included as covariates in the regression models. 

A significant effect of group on the rhythm version of the MET (χ2(3) = 17.37, p < .001) was driven by 

significantly better performance in HCyoung compared to all other groups (all p < .05). A significant effect 

of group on the melody version of the MET (χ2(3) = 12.48, p = .006) was driven by better performance in 

HCyoung compared to PDDA (p = .006) and PDnonDA (p = .05), but not HCold (p = .65).  

Table 1. Demographics and behavioural questionnaires  
HCyoung HCold PDDA  PDnonDA 

Participants (n) 27 26 23  24 

Gender (females) 14 21 4  10 

Age (years) 24.9±3.2 65.7±8.2 68.2±4.8  66.8±9 

Education (years) 18.2±2.1*** 14.7±2.3 14.9±2.9  14.9±3.5 

Musical Training (years) 4.5±6.4** 2.6±5.9 0.3±0.9  2±5.4 

Music Time (hr/week) 22±14 19±15 18±18  16±15 

MDI 3.1±3** 5±6* 8.4±4.6  8.1±5.7 

MoCA 29±1.1 29±1.2 28±1.4  28±1.5 

PD diagnosis (years) - - 6.6±4.7  5.6±4.9 

MDS-UPDRS-III - - 29.7±11  25.2±12.3 

Hoehn and Yahr - - 1.8±0.4  1.6±0.5 

MET: Melody 36.7±5.8 34±5.6 31.5±4  32.4±5.4 

MET: Rhythm 38±5.5 34±5.7 32.7±3.9  32.3±3.9 

MET, musical ear test; MDI, major depression inventory; MoCA, Montreal cognitive assessment; MDS-UPDRS-III, 

motor part of the Movement Disorder Society Unified Parkinson’s Disease Rating Scale. *** significantly 

different than all other groups, ** significantly different than both PD groups, * sig different than PDDA. 

 

3.2. Wanting to Move Ratings 

Rhythmic complexity by group interaction 

The ANOVA showed a significant group by rhythmic complexity interaction (Table S1) and no significant 

effects of the control variables (years of education, years of musical training and MDI). Follow up tests 
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showed a significant quadratic effect in both HCyoung and HCold, with HCyoung showing a stronger effect 

compared to HCold (b(97) = -1.216, 95% CI [-1.840, -0.589]; Table S2 and Figure 1A). The quadratic effect 

was significantly stronger in HCold compared to both PDnonDA (b(97)= -1.066, 95% CI [-1.821, -0.312]) and 

PDDA (b(97) = -1.113, 95% CI [-1.876, -0.349]). PDnonDA showed a significant negative linear effect which 

was driven by significantly higher ratings for low compared to high complexity rhythms (b(85.3) = 0.468, 

95% CI [0.091, 0.845]). PDDA showed a relatively flat pattern of ratings as reflected in no significant linear 

or quadratic effects. The difference in linear effects between PDnonDA and PDDA was not significant.  

 

 

Figure 1. The effects of rhythmic (A) and harmonic complexity (B) on Wanting to Move ratings across groups. 

Values are estimated ratings from regression model. Center line, median; box limits, upper and lower quartiles; 

whiskers, 1.5x interquartile range; white points, means; black points, outliers.  

Harmonic complexity by group interaction 

The ANOVA also showed a group by harmonic complexity interaction (Table S3). Follow up tests showed 

that both HCold and HCyoung and that this effect was stronger in HCold compared to HCyoung (b(97) = 1.043, 

95% CI [0.593, 1.490]; Table S3 and Figure 1B). HCold also showed a stronger quadratic effect compared 

to both PDnonDA (b(97) = -1.261, 95% CI [-1.801, -0.720]) and PDDA (b(97) = -1.289, 95% CI [-1.836, -

0.742]). As can be seen in Figure 1B, both PDnonDA and PDDA showed significant negative linear effects. 
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This was reflected by significant low – medium (PDnonDA: b(89.2) = 0.403, 95% CI [0.153, 0.653]; PDDA: 

(b(90.1) = 0.333, 95% CI [0.078, 0.589]) and medium – high (PDnonDA: b(89.0) = 0.593, 95% CI [0.343, 

0.842]; PDDA: (b(90.0) = 0.495, 95% CI [0.241, 0.749]) contrasts. There were no significant differences in 

these effects between PDnonDA and PDDA.  

Rhythmic complexity by harmonic complexity interaction  

The ANOVA also showed a near-significant three-way interaction (Table S1). F-tests revealed a 

significant rhythmic complexity by harmonic complexity interaction in HCold (F(4, 4908.05) = 4.38, p = 

.002) and a near-significant interaction (F(4, 4908.05) = 2.11, p = .077) for HCold, but not for PDDA or 

PDnonDA (both p > .2). Follow up contrasts in HCold showed that the quadratic effect of rhythmic 

complexity was significantly stronger, here reflecting a more peaked inverted U, for medium complexity 

chords compared to both low (b(4908) = -0.611, 95% CI [-1.177, -0.045]) and high (b(4908) = -0.833, 95% 

CI [-1.400, -0.267]) complexity chords. Unlike HCold, HCyoung showed no significant differences in the 

quadratic effect of rhythmic complexity between medium and low or medium and high complexity 

chords. 

Main effect of group 

The ANOVA showed that the main effect of group was not significant (F(3, 94.1)  = 0.78, p = 0.508). 

Therefore, although the groups showed different patterns in their ratings, there was no overall 

difference when averaging over rhythmic and harmonic complexity. 

Correlations between Wanting not Move ratings, UPDRS, and MET scores 

In PD patients, correlations between UPDRS and the contrast estimates for both rhythmic (r(47) = -0.24, 

95% CI [-0.52, 0.09]) and harmonic complexity were not significant (r(47) = -0.24, 95% CI [-0.52, 0.09]). 

Correlations with MET scores were also not significant (all p > .09).  

3.3. Pleasure ratings  

Rhythmic complexity by group interaction 

The ANOVA showed significant group by rhythmic complexity interaction (Table S4) and no significant 

effects of the control variables. Follow up tests showed a stronger quadratic effect in HCyoung compared 

to HCold (b(98.5) = -1.128, 95% CI [-1.87, -0.389]) and no significant quadratic effects in HCold, PDnonDA and 

PDDA (Table S5 and Figure 2A). PDnonDA showed a significant negative linear effect (b(119.6) = -0.602, 95% 

CI [-1.077, -0.127]) driven by higher ratings in medium compared to high complexity rhythms (b(117.5) = 

0.565, 95% CI [0.091, 1.039]). The same contrast was also significant in HCold (b(113.3) = 0.512, 95% CI 

[0.060, 0.964]). There were no significant differences in the linear effect between groups. As can be seen 

in Figure 2A, both HCold and PDnonDA show similar ratings for low and medium complexity rhythms, then a 

drop off for high complexity rhythms. Conversely, PDDA’s ratings are relatively flat across all levels. 
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Figure 2. The effects of rhythmic (A) and harmonic complexity (B) on Pleasure ratings across groups. Values are 

estimated ratings from regression model. Center line, median; box limits, upper and lower quartiles; whiskers, 1.5x 

interquartile range; white points, means; black points, outliers. 

Harmonic complexity by group interaction 

The ANOVA also showed a significant group by harmonic complexity interaction (Table S4). Follow up 

tests indicated that HCold showed greater linear (b(103) = -0.93, 95% CI [-1.320, -0.541]) and quadratic 

(b(103) = -0.44, 95% CI [-0.850, -0.030]) effects compared to HCyoung, in whom neither effects were 

significant. As can be seen in Figure 2B, HCold, PDnonDA and PDDA all show a negative linear pattern as 

supported by a significant linear contrast in these groups (Table S6). These three groups showed 

significant differences between low and medium and medium and high complexity chords.  However, 

HCold showed a smaller difference between low and medium chords leading to a significant quadratic 

effect. Follow up test showed a significant quadratic effect in HCold and significant negative linear effects 

for both PDnonDA and PDDA. There were no significant differences between groups in either the quadratic 

or linear contrasts. 

Rhythmic complexity by harmonic complexity interaction  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 28, 2023. ; https://doi.org/10.1101/2023.02.27.530174doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.27.530174
http://creativecommons.org/licenses/by-nc-nd/4.0/


The ANOVA also showed a significant three-way interaction (Table S4). Follow up F-tests showed that 

PDnonDA showed a near-significant rhythmic complexity by harmonic complexity interaction (F(4, 

4914.92)  = 2.245, p = 0.061). PDDA and HCold did not show a significant or near-significant interaction 

(both p > .16). Follow up contrasts in PDnonDA showed higher ratings for medium complexity rhythms 

compared to high complexity rhythms for both low (b(159) = 0.660, 95% CI [0.136, 1.183]) and medium 

(b(159) = 0.646, 95% CI [0.123, 1.168]), but not high, complexity chords. There was no significant 

difference between medium and low complexity rhythms at any level of harmonic complexity.   

Comparing HCyoung and HCold, F-tests showed that this interaction was significant in HCyoung (F(4, 4914.92)  

= 4.464, p =.001) but not in HCold (F(4, 4914.92)  = 0.422, p = 0.793). Follow up contrasts showed that the 

quadratic effect of rhythm in HCyoung was stronger for low compared to high complexity chords (b(4915) 

= -0.735, 95% CI [-1.300, -0.170]), but no differences in the quadratic effect of rhythm between low vs 

medium and medium vs high complexity chords. 

Main effect of group 

The ANOVA also showed a main effect of group (Table S4). There were no significant differences 

between PDnonDA, PDDA and HCold. However, HCold showed higher ratings overall compared to HCyoung 

(b(94) = 0.453, 95% CI [0.141, 0.765]). 

Correlations between Pleasure ratings, UPDRS, and MET scores 

In PD patients, there was a significant negative correlation between UPDRS and rhythmic complexity 

contrast estimates (r(47) = -0.37, 95% CI [-0.62, -0.05]; Figure 3) but not harmonic complexity contrast 

estimates (r(47) = -0.03, 95% CI [-0.35, 0.30]). This indicates that as PD symptoms worsen the quadratic 

effect of rhythmic complexity flattens out and/or becomes more linear. No other correlations were 

significant.  

 

Figure 3. Correlation between contrast estimates (medium – (low + high)/2) from the effect of rhythmic complexity 

on pleasure, and severity of PD-related motor symptoms (UPDRS). 
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4. Discussion 

Our results support a crucial role of cortico-striatal circuits and dopamine in the pleasurable urge to 

move to music 8,93. Both PD groups showed a flattening of the U-shaped relation between rhythmic 

complexity and ratings of pleasure and wanting to move compared to healthy age-matched controls. In 

addition, the severity of motor symptoms in PD was associated with a flatter effect of rhythmic 

complexity on pleasure. The inverted U-shaped relation was significantly weaker in healthy older 

compared to younger adults, suggesting that aging also influences the effect of rhythmic complexity on 

PLUMM. In addition, both PD groups showed a strong negative linear effect of harmonic complexity for 

both pleasure and wanting to move in comparison to healthy older adults. Importantly, PD patients did 

not differ from age-matched controls on a test of rhythm discrimination and did not show overall lower 

ratings for wanting to move and pleasure but rather a difference in the pattern of ratings. These results 

indicate that the flattening of the PLUMM response cannot easily be attributed to deficits in rhythm 

perception or a general inability to experience PLUMM. Finally, PD patients taking a dopamine agonist in 

addition to the standard levodopa regime generally showed a similar flattening effect to the PDnonDA 

group. Taken together, these findings indicate that the chronic dysregulation of cortico-striatal 

dopamine associated with PD flattens the typical U-shaped relationship between rhythmic complexity 

and PLUMM. We propose that this points to the crucial involvement of cortico-striatal dopamine in the 

beat- and meter-based predictive processes thought to drive PLUMM. 

Rhythmic complexity  

The flattened response to rhythmic complexity in PD patients supports a role of cortico-striatal 

dopamine in the effects of rhythm on both the urge to move and pleasure. The motor cortico-striatal 

loop is part of a core timing network, along with prefrontal and cerebellar regions 94–96, and is implicated 

in in relative or beat-based timing in particular 9–14,56,97–102. This is consistent with a role of the motor 

system in driving temporal predictions in the context of auditory perception and attention more 

generally 103–107. Involvement of the motor cortico-striatal loop implies a role of nigrostriatal dopamine. 

However, studies on beat perception in PD patients show mixed results 22–24,26,53,54. Conversely, many of 

these same studies show deficits in rhythm discrimination in PD patients 22–24,26,53,54, which could suggest 

that the flatter pattern of ratings seen here may be due to reduced ability to distinguish the stimuli. 

However, HCold, PDnonDA, and PDDA significantly differed in their patterns of ratings but not in their 

rhythm discrimination ability, as measured by the MET. Further, there was no significant associations 

between MET scores and the patterns of ratings, or between MET scores and the severity of PD-related 

motor symptoms (UPDRS). Conversely, higher UPDRS was associated with a flatter effect of rhythmic 

complexity on pleasure. Therefore, our results suggest that PD disrupts the beat and meter-based 

predictive processes that form the link between perceptual processing of rhythmic patterns and the 

affective responses to rhythmic music. 

According to predictive processing treatments of PLUMM, strongly weighted prediction errors, in the 

form of syncopations, drive the inverted U-shaped relation between rhythmic complexity and both the 

urge to move and pleasure 43,44,50,51. In this context, strongly weighted syncopations drive the urge to 

move, either directly to reinforce the metrical model, or indirectly via covert adjustments to that model. 

In terms of pleasure, by challenging our metric models, these syncopations potentiate model 

improvement 93, which is itself intrinsically rewarding 108,109. The weight of prediction errors due to 

syncopations depends on both the rhythmic context 110 and the strength of the listener’s metrical model 
111. According to a recent theoretical model (Cannon & Patel, 2020), nigrostriatal dopamine underlies 

both the timing and certainty of beat-based predictions. Therefore, one interpretation of our results is 
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that disrupted cortico-striatal dopamine in PD results in a weaker metrical model and more uncertain 

predictions, reducing pleasure and the urge to move for moderately complex rhythms. Similarly, high 

complexity rhythms are less disruptive to an already weak model and are thus less aversive, leading to a 

flatter pattern of ratings overall. Support for the role of metric model strength in PLUMM comes from 

studies comparing musicians and non-musicians. Behavioural and neural evidence suggests that 

musicians show stronger and/or more refined metrical models compared to non-musicians 111–117, and 

that musicians have a sharper U-shaped pattern of PLUMM ratings and greater preference for higher 

levels of complexity (Matthews et al., 2019; 2022). In the current study, healthy aging was also linked to 

a flatter effect of rhythmic complexity, particularly for pleasure ratings. Like PD, healthy aging is 

associated with differences in the neural correlates of predictive rhythmic pattern perception 68, an 

effect that is also linked to dopamine 70. Therefore, metrical model strength, supported by dopaminergic 

signalling, may provide a common mechanism underlying the effects of PD, aging, and musicianship on 

the shape and location of the inverted U relation between PLUMM and rhythmic complexity.  

Neuroimaging evidence suggests that neural oscillations in the beta range (13-30 Hz) may encode the 

metrical model within the motor cortico-striatal loop and thus may provide a potential neural 

mechanism underlying the altered link between rhythm perception and affective responses in PD. Beta 

dysfunction within the BG is a hallmark of PD 118 suggesting a functional link between dopamine and 

beta activity. One proposal is that, by encoding the certainty (or salience) of state, sensorimotor, or 

value representations (e.g., rhythmic context; Friston et al, 2014), dopamine signals the need for motor 

preparation or resource allocation which are governed by beta modulations 119. Crucially, cortico-striatal 

beta activity is linked to beat and meter representations 120–124 and is sensitive to musical training 125,126. 

Further, PD patients show weaker beta entrainment in motor regions during rhythmic auditory and 

multimodal perceptual tasks 127,128, an effect that is reversed following treatment with levodopa and 

deep brain stimulation 129. Finally, the degree of beta dysfunction in cortico-striatal networks is 

correlated with the severity of motor symptoms in PD 130 which aligns with the association between 

severity of motor symptoms and the flattening of the effect of rhythmic complexity on pleasure ratings 

seen here. Together, these results point to a functional link between dopamine, beta activity, metrical 

model strength, and PLUMM, however, further work is necessary to solidify and clarify this link.   

An alternative interpretation for the flattened effect of rhythmic complexity on PLUMM ratings in PD is 

that, rather than weakening the metrical model, dopamine dysregulation disrupts the signalling of 

syncopation-related prediction errors, thus reducing the urge to move and pleasure thought to result 

from these prediction errors. However, (reward) prediction errors are associated with mesolimbic 

dopamine 32 while PD primarily effects nigrostriatal dopamine, at least in early and mid-stages of the 

disease 131. One challenge is that the effects on metrical model strength would also be expected to 

affect the prediction errors, as the certainty of the meter-based prediction is thought to directly relate 

to the weight of the prediction error. Using tasks such as those from Palmer & Krumhansl (1990) or 

Perna et al. (2018), future work could explicitly test whether metrical representations do in fact differ 

between PD patients and healthy controls matched in age and musical training.  

Interestingly, both PD groups showed a very similar pattern of ratings, aside from a drop in the urge to 

move and pleasure ratings in PDnonDA for high complexity rhythms. This constitutes an internal 

replication and suggests that dopamine agonist medication does not have a strong effect on ratings 

over-and-above the general DA dysregulation and counteracting effects of levodopa present for all 

patients. To further delineate the role of dopamine, future work should compare ratings in both PD 

patients and healthy controls on and off levodopa medication.   
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Harmonic Complexity  

Contrary to our hypothesis, and in contrast to the pattern of ratings in young healthy adults shown here 

and elsewhere 8,46, PD patients and healthy older adults showed a greater preference for low complexity 

chords. A similar pattern was seen in a recent study wherein non-musicians preferred low complexity 

chords to medium, high, or octave chords, while musicians preferred medium complexity chords 132. 

Therefore, as with rhythmic complexity, PD and (lack of) musical training seem to show similar effects on 

chord preferences, again, possibly driven by predictive processes, albeit at a different temporal scale to 

metric predictions as the chords were static within each trial. Another possibility is that PD patients have 

an altered association between the complexity of a single chord and the emotion evoked by or 

referenced by this chord. For example, PD patients show differences in the ability to recognize emotions 

expressed in music 133, which is relevant as chords of varying complexity are often used to convey 

different emotions. However, the specific nature of this effect is so far inconclusive, as some studies 

show deficits in recognizing happiness and peacefulness in PD patients 134 and others show deficits in 

recognizing fear and anger 135. Other factors including listening habits and genre preferences may also 

have influenced the pattern of ratings seen here, however, research into these effects is lacking. 
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5. Conclusion 

Overall, our results are consistent with models implicating the cortico-striatal circuits in PLUMM 8,93 and 

provide insight into the function of dopamine within these circuits more generally. We propose that 

dopamine depletion within the motor cortico-striatal loop disrupts beat- and meter-based predictive 

processes that are supported by beta modulations and are crucial for the affective response to rhythmic 

music. Beyond music, this proposal aligns with and complements theoretical and empirical work 

suggesting that premotor beta modulations transmit top-down predictive signals that temporally 

structure auditory perception, e.g., in the context of speech 103,105,106,136,137. Importantly, the current 

results better our understanding of dopamine’s role in linking temporal predictions and reward 
processing which can be leveraged to improve treatments for PD and other dopamine-related disorders. 
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