

Sleep restriction reduces cognitive but not physical motivation


Supplementary Information


Computational Models of Effort Discounting 
In order to compare our results with those of previous effort discounting studies, we modelled participants’ choices to three commonly applied effort discounting functions, which capture different ways in which effort devalues reward. These data reaffirm the differential impact of sleep restriction on cognitive motivation

Analysis

To model participants’ behaviour, we used linear, parabolic and hyperbolic effort discounting functions, which respectively capture linear, concave, and convex patterns of discounting behaviour 1. 

 


where SV represents the subjective value of the baseline or offer on trial t; R represents the reward available (1, 2, 4, 6, 8, 10 credits); E is the effort required to obtain that reward (1 to 6 streams for cognitive effort; % MVC in the physical domain); and k is a subject-specific discounting parameter that scales the effect of effort on subjective value. Thus, a higher k value reflects a steeper effort discounting function, and a greater sensitivity to effort costs. Quantifying both the shape and gradient of this function provides a sensitive measure of motivated behaviour 1-3.

We computed the probability of an individual choosing the high-effort/high-reward offer over the baseline option using a softmax function, and maximum likelihood estimation:

where Pr(i) is the probability of choosing the offer, i, with a subjective value, SVi relative to the baseline option, b, with subjective value, SVb, and  is the inverse temperature parameter, which indicates choice stochasticity. We fit a single  parameter for the fully rested and sleep restricted conditions. 

We fit participants’ choices to each of these three effort discounting functions for each task (cognitive, physical) across both Sleep Conditions (fully rested, sleep restriction). Thus, our model space comprised 81 (34) models. For each participant, we fit choices for each of the four conditions (two domains x two sleep conditions) simultaneously, and the best model was determined using the Bayesian Information Criterion (BIC) 4.

Results

Cognitive effort task. When participants were fully rested, cognitive effort discounting was best described by a linear function, which is consistent with previous data 3,5. However, when sleep restricted, cognitive effort discounting was instead better captured by a concave (parabolic) pattern. This indicates a qualitative difference in the way in which sleep restriction modulated the devaluation of reward by cognitive effort (Figure S1A). 

Physical effort task. In contrast, physical effort discounting followed a parabolic pattern in both sleep conditions, which is again consistent with previous findings 2,6,7. We compared the gradient of the physical effort discounting functions (i.e., the k-values) between the Sleep Conditions with a non-parametric Wilcoxon signed-rank test, which demonstrated no significant differences in k-values when fully rested vs sleep restricted (Figure S1B; Z=0.37, p = 0.710). 

Posterior predictive checks indicated a good fit between our best fitting model and participants’ choices (Figure S2). Overall, these data reaffirm our main findings by showing that sleep restriction resulted in a qualitative difference in cognitive effort discounting relative to the fully rested condition, while sparing effort discounting in the physical domain.


	[image: A picture containing graphical user interface

Description automatically generated]B
A


	[image: Chart, diagram, line chart

Description automatically generated]



[bookmark: _Ref24617874][bookmark: _Ref76725552]Figure S1. (A) Comparison of hyperbolic (H), parabolic (P), and linear (L) effort discounting functions. (A) Model comparison revealed that the model LPPP best captured participants choices (highlighted with a red asterisk). Hence, the shape of cognitive effort discounting function changed from linear when fully rested to parabolic under sleep restriction. The shape of physical effort discounting was best captured by a parabolic function in both conditions. (B) Physical effort discounting parameter, estimated using parabolic function, did not significantly differ under sleep restriction compared to the fully rested condition. 
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[bookmark: _Ref80345222]Figure S2. Computationally modelled choices closely matched actual participants’ decisions. Purple circles reflect the observed group average (error bars indicate standard error), green circles indicate the group average based on modelled participants’ choices. Cognitive effort discounting pattern changed from linear in the fully rested condition (A) to parabolic in the sleep restricted condition (C). Physical effort discounting was best captured by a parabolic function both in the fully rested condition (B) and the sleep restricted condition (D). 
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