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19 Abstract

20  Motivation levels vary across individuals, yet the underlying mechanisms driving these differences
21 remain elusive. The dorsomedial prefrontal cortex/dorsal anterior cingulate cortex (dmPFC/dACC)
22 and the anterior insula (alns) play crucial roles in effort-based decision-making. Here, we investigate
23 the influence of lactate, a key metabolite involved in energy metabolism and signaling, on decisions
24 involving both physical and mental effort, as well as its effects on neural activation. Using proton
25  magnetic resonance spectroscopy and functional MRI in 63 participants, we find that higher lactate
26 levels in the dmPFC/dACC are associated with reduced motivation for physical effort, a relationship
27  mediated by neural activity within this region. Additionally, plasma and dmPFC/dACC lactate levels
28  correlate, suggesting a systemic influence on brain metabolism. Supported by path analysis, our
29 results highlight lactate's role as a modulator of dmPFC/dACC activity, hinting at a neurometabolic
30 mechanism that integrates both peripheral and central metabolic states with brain function in
31  effort-based decision-making.

32
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37 Introduction

38 The ability to choose and execute effortful actions varies widely among individuals, reflecting
39  differences in motivation levels and impacting health outcomes [1-3]. Understanding the
40 neurobiological substrates underlying such variations is crucial, particularly as this knowledge can
41  help address motivational dysregulation observed in neuropsychiatric and neurological disorders
42 such as depression and Parkinson’s disease [4—6]. The dorsomedial prefrontal cortex/dorsal anterior
43  cingulate cortex (dmPFC/dACC) and the anterior insula (alns) play pivotal roles in guiding decisions
44  that require effort [7, 8]. Despite their importance, the neurobiological mechanisms that govern
45  their differential recruitment and how these mechanisms influence individual differences in
46 motivational processes remain unknown.

47  Emerging evidence underscores brain metabolism as a crucial regulator of neural and cognitive
48 functions [9-11], including motivated behaviors [12-14]. While glucose has been traditionally
49  considered the primary energy source for brain function, including demanding cognitive processes
50 [15], recent studies reveal that neurons also depend on alternative substrates, such as lactate, to
51  support neural function and meet cognitive demands [16—19]. Lactate is a crucial brain metabolite
52 whichis primarily produced in astrocytes [20, 21] and muscle tissue during physical exercise [22—-24]
53  from where it may reach the brain through blood circulation [25, 26]. Initially regarded as a mere
54  metabolic byproduct requiring clearance [27, 28] and associated with physical fatigue [29, 30],
55  lactate’s ability to cross the blood brain barrier [31, 32] uniquely positions it to influence brain
56  function and cognition [33, 34]. This dual origin and the transfer of lactate from peripheral sources
57 to the brain underscore its potential to impact decision-making processes, particularly those
58 involving effort. Beyond its metabolic functions, lactate acts as a signaling molecule [35, 36],
59 influencing neuronal survival, plasticity, and memory formation [37-39]. Conversely, elevated
60 lactate levels may disrupt cellular and metabolic balance, requiring regulation to maintain neuronal
61 efficiency and prevent dysfunction [11, 40-43].

62  The brain must have evolved the ability to sense and interpret systemic energy levels — particularly
63  signals reflecting the plentifulness or scarcity of metabolic energy resources required to support
64  costly effortful behaviors, which could subsequently be incorporated in the evaluation of which
65  actions to initiate during effort-based decision-making. Lactate’s potential as a signal of peripheral
66  fatigue and its unique permeability across the blood-brain barrier suggest it is well-positioned to
67 influence these neural computations. Given the emerging role of lactate as both a metabolic
68  substrate and a potential neuromodulator, exploring its influence on the neurobiological
69  mechanisms underpinning effort-based decision-making is essential. A crucial prediction is that
70  individual differences in baseline lactate levels within specific brain regions—particularly
71  dmPFC/dACC and alns—will influence effort-based decision-making processes. Thus, we hypothesize
72 that individual variation in lactate levels in the dmPFC/dACC and/or alns integrate information about
73 energy availability, regulating neural activity, thereby affecting effort-based decision-making. Such
74  findings would provide a neurochemical basis to our computational understanding of effort-based
75 decision making, offering a mechanistic explanation for interindividual variability in these behaviors.

76  To address these gaps and test our hypotheses about lactate’s role, we conducted a study using
77  proton magnetic resonance spectroscopy (‘H-MRS) in a 7 Tesla scanner and measured lactate levels
78 in both the dmPFC/dACC and the alns of 75 human participants. Functional magnetic resonance
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79  imaging (fMRI) data were then acquired as subjects engaged in a decision-making task, allowing
80  quantification of brain activation patterns during effort-based decision-making. We found that
81 dmPFC/dACC lactate levels are closely linked to neural activity during decision-making processes
82  and, consequently, to individual behavioral choices. We also used computational modeling to extract
83  key behavioral parameters driving motivated behavior and show that dmPFC/dACC lactate’s impact
84  on neural activity and behavior was driven by its influence on the individual sensitivity to physical
85 effort. While significant findings were observed in the dmPFC/dACC, they were not replicated in the
86  alns. Further exploration extended to examining plasma lactate concentrations, revealing their
87  association with dmPFC/dACC lactate levels. Critically, path mediation analyses indicated that the
88 relationship between plasma and dmPFC/dACC lactate levels and physical effort-based decision-
89  making was mediated by dmPFC/dACC neural activity at the inter-individual level. This dual central-
90 peripheral neurometabolic approach advances our understanding of lactate’s role in neural
91  mechanisms underlying effort-based decision-making and identifies the dmPFC/dACC’s as a potential
92  locus of control linking metabolic states and cognitive functions in humans.

93 Results
94 Behavioral Results

95  Participants engaged in a choice task structured into four blocks of 54 effort-based decision-making

96 trials each, conducted concurrently with fMRI data acquisition. Each trial presented two options,

97  each associated with different levels of effort and monetary incentives (Fig. 1). Each block focused

98  on a specific type of effort: physical (squeezing a handgrip at 55% of their maximal force for varying

99 durations) or mental (completing a set of correct responses in a 2-back task within a designated
100 time), while monetary incentives were potential rewards or losses interleaved across trials. Both
101  gains and losses were included in the task to account for the fact that individuals may display a ‘loss
102  aversion’ bias [44], which would predict that they are ready to invest more effort for monetary
103  losses than for equivalent monetary gains and the fact that both dmPFC/dACC and alns have been
104  regularly associated to processing aversive stimuli which could imply that they correlate with
105 punishment sensitivity rather than effort [45, 46]. During the choice, one option was consistently
106  associated with a fixed low-effort difficulty and low monetary incentive (i.e., either a low reward or a
107  high potential loss). The alternative option was always linked to a higher monetary incentive (i.e.,
108 either a higher reward or a smaller loss) paired with a high effort. The incentive and effort levels
109  associated with the high-effort option varied independently across trials. On each trial, participants
110  were required to select their preferred option based on their subjective preferences, along with
111 their confidence (high or low) in their decision. After one option had been selected, participants
112  were required to exert the effort chosen on each trial to secure the specified reward or to prevent
113  the doubling of the indicated loss.

114  Despite calibration around each task’s indifference point (see Supplementary Methods), participants
115 showed a stronger preference (p < 0.001) for the high effort (HE) option in the mental task (74.97 £
116  2.04%) compared to the physical task (58.24 + 2.33%) on average. Preference for the HE option in
117  both tasks diminished with less appetitive monetary incentives or increased effort requirements (Fig.
118  S1-1A). Surprisingly, instead of loss aversion, our participants tended to value gains more than losses
119  in our tasks (see Supplementary Results). The task design was optimized to assess individual aversion
120 to effort rather than the subjective estimation of success, i.e. risk [47], which is often confounded

4


https://doi.org/10.1101/2024.05.02.592220
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.02.592220; this version posted August 8, 2024. The copyright holder for this preprint
(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
available under aCC-BY-NC-ND 4.0 International license.

121  with effort [48]. This was done by calibrating each task to the individual’s maximal capacity and
122 setting difficulty levels allowing participants to maintain high performance consistently throughout
123  the task (see Supplementary Methods). Indeed, participants sustained high average performance
124  levels in both tasks (98.26 + 0.36% for mental efforts and 98.64 = 0.45% for physical efforts),
125  confirming their ability to meet the task demands on most trials. This high performance effectively
126  rules out risk discounting as a confounding factor both within and between the tasks.

127  Participant choices were analyzed using a computational model that incorporated both external
128  factors (monetary incentive, effort level) and internal states (physical fatigue, momentary mental
129  efficiency). Simulations confirmed parameter recoverability and identifiability (see Supplementary
130  Results). Furthermore, a conventional generalized linear model (GLM) validated the significant
131 impact of each model variable on choice behavior and deliberation times (see Supplementary
132 Results), corroborating that both monetary incentives and effort difficulty influenced decision-
133  making and deliberation times in our task (Fig. S1-1).

134  Brain and Plasma Lactate Levels in Relation to Effort-Based Decision-Making

135  After validating our experimental paradigm, we examined the relationships between lactate levels in
136  the dmPFC/dACC and the alns (Fig. S1-2A), respectively, and decision-making variables in the
137  behavioral tasks. Resting lactate levels in the dmPFC/dACC, measured using 'H-MRS prior to task
138 initiation, were negatively correlated with the propensity to choose the HE option across tasks (Fig.
139  2A;r=-0.322, p = 0.013), indicating that higher lactate concentrations in this region were associated
140  with a reduced likelihood of selecting HE options. Conversely, lactate levels in the alns did not show
141  a significant relationship with HE choice frequencies (Fig. 2A; r = -0.144, p = 0.358), suggesting
142  regional specificity in lactate’s association with decision-making. Although there was a tendency for
143 dmPFC/dACC and alns lactate levels to correlate (Fig. 2B; r = 0.236, p = 0.132), it did not reach
144  statistical significance, further supporting the notion of regional variations in brain lactate levels
145 [49]. However, when comparing the two correlations with a one-tailed Steiger’s test restricted to the
146 41 individuals who were not outliers in any of the three measures considered, the correlation
147  coefficients were not significantly different (z = -0.879; p = 0.190), preventing us from drawing any
148  conclusion on the specificity of our results. In summary, although our results suggest a strong role of
149  the dmPFC/dACC in integrating energy-related signals into decision-making processes, based on our
150 data, we cannot exclude that the alns also plays a role in these processes when looking across both
151  tasks.

152  Regarding plasma lactate, there was no direct correlation between systemic lactate levels and HE
153  choices (Fig. 2A; r = -0.016, p = 0.906). However, a small yet significant positive correlation was
154  observed between plasma lactate and dmPFC/dACC lactate levels (Fig. 2B; r = 0.314, p = 0.015). This
155 correlation did not hold for the alns (Fig. 2B; r = -0.091, p = 0.563), which had additionally a
156  significantly lower correlation with plasma lactate levels than the one for the dmPFC/dACC (note,
157 again, that this comparison is based on a one-tailed Steiger’s test restricted to the 43 individuals
158  present in all measures; z = 1.887, p = 0.030), indicating a unique connection between systemic and
159 dmPFC/dACC lactate levels, but not with the alns.

160  Analysis of task-specific choices revealed differential correlations across the two brain regions.
161  Specifically, dmPFC/dACC lactate levels were negatively correlated with the selection of high physical
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162  effort (HPE) options (Fig. 2A; r = -0.332, p = 0.010) and showed a non-significant trend for high
163  mental effort (HME) choices (Fig. 2A; r = -0.249, p = 0.058). In contrast, alns lactate levels did not
164  significantly correlate with either HPE (Fig. 2A; r = -0.020, p = 0.897) or HME (Fig. 2B; r =-0.225, p =
165 0.147) choices. Moreover, the dmPFC/dACC-lactate/HPE choices correlation coefficient was
166  significantly more negative than the alns lactate/HPE correlation coefficient (note, again, that this
167  comparison is based on a Steiger’s test restricted to the 42 individuals with no outliers in any of
168  these measures; z = -1.887, p = 0.029) confirming dmPFC/dACC's specific role in integrating energy-
169 related signals into physical effort-based decision-making. Interestingly, the comparison of the
170 correlation coefficients of the dmPFC/dACC-lactate/HPE choices correlation and the dmPFC/dACC-
171  lactate/HME choices correlation showed that they were not significantly different (z = -0.505, p =
172 0.307) which further suggests that dmPFC/dACC lactate levels may also play a role in mental effort
173 decisions, although this role may be more subtle than for physical efforts. In summary, individuals
174  with higher dmPFC/dACC, but not alns, lactate levels tend to avoid energetically costly physical
175  efforts, suggesting that lactate may modulate the threshold for engaging in high-effort tasks by
176  influencing neural circuits responsible for effort evaluation.

177  Our computational model allowed us to reveal that these effects might be related to differences in
178  theindividual sensitivities for physical effort (kEp). Indeed, a positive correlation was found between
179 dmPFC/dACC lactate levels and kEp (Fig. 2A; r = 0.317, p = 0.017), indicating that individuals with
180  higher lactate levels in this region display an increased sensitivity to physical effort. This correlation
181 seemed specific to kEp, as no significant correlations were observed with other behavioral
182  parameters such as the equivalent effort sensitivity in the mental domain (kEm; Fig. 2A; r = 0.077, p
183 = 0.560), the sensitivity to physical fatigue (kFp; r = -0.008, p = 0.952), nor any of the other
184  behavioral parameters (all p > 0.4). However, note that when performing 2-by-2 Steiger tests
185 between the correlation coefficients, except for the correlation between dmPFC/dACC-lactate and
186  the kBias parameter which was significantly less robust than the dmPFC/dACC-lactate/kEp
187 correlation (z = 2.632, p = 0.004), the difference between the correlation coefficient of the
188 dmPFC/dACC-lactate/kEp correlation and the correlation coefficient for the other parameters [e.g.,
189 dmPFC/dACC-lactate/kEm correlations (z = 1.194, p = 0.116) or dmPFC/dACC-lactate/kFp correlation
190  (z=1.303, p =0.096)] was not significant. Although the dmPFC/dACC-lactate/kEp correlations always
191 tended to be stronger than the respective dmPFC/dACC-lactate correlations with the other
192 parameters (all z € [1.1 1.6], all p € [0.06 0.13]), this prevents us from drawing strong conclusions
193  regarding the specificity of our correlations with kEp. It also suggests that dmPFC/dACC lactate levels
194  may also play a role in mental effort decisions, although this role may be more subtle than for
195  physical efforts. There were also no significant correlations between alns lactate levels and kEp (Fig.
196 2A; r = 0.007, p = 0.963), nor any of the other parameters (all p > 0.08). However, the direct
197 comparison of dmPFC/dACC-lactate/kEp to the alns-lactate/kEp correlation coefficients was not
198  significant when restricting the comparison to the individuals present in both groups (z = 1.267, p =
199  0.103), preventing us from drawing any strong inference on the dmPFC/dACC specificity.
200  Interestingly though, plasma lactate levels correlated positively with kEp (Fig. 2A; r = 0.320, p =
201  0.014) and with dmPFC/dACC lactate levels (Fig. 2B; r = 0.314, p = 0.015) suggesting that plasma
202  lactate may impact the sensitivity to physical effort via its influence on dmPFC/dACC lactate levels.
203  Notably, plasma lactate did not correlate with any of the other behavioral parameters of our model
204 (all p > 0.1) further confirming that dmPFC/dACC and plasma lactate only correlate significantly with
205  the sensitivity to physical effort. We also performed a few additional controls regarding the potential
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206  link between plasma and brain levels of lactate and physical capacity (Fig. $2-1), sex differences (Fig.
207  S2-2), sleep (Fig. S2-3) and stress- and anxiety-related variables (Fig. $2-4) which all confirmed that
208 lactate was solely correlated with differences in physical effort motivation but not in physical
209 capacity, sex differences, sleep or stress (see Supplementary Results). Notably, although we did not
210  observe any correlation with fatigue-related behavioral components and lactate in our task, our
211  results do not preclude the possibility that exercise-driven lactate increase could also impact central
212 fatigue since we did not monitor lactate levels changes during the task. Brain regions such as the
213 dmPFC/dACC, responsible for deciding whether to engage and persevere in effortful actions [50, 51]
214  and which activity varies with fatigue [52], may monitor elevated lactate levels as part of their
215 computation in determining whether to engage in such actions. Interestingly, baseline resting-state
216  brain levels of lactate appear to be strikingly stable across subsequent sessions [53] or between
217  morning and afternoon [54], suggesting that the results we observe really correspond to trait
218  differences in lactate and effort sensitivity, and not just to temporary state levels of lactate. In other
219  words, the global body metabolism efficiency, reflected in peripheral and dmPFC/dACC lactate
220 levels, may drive a general trait sensitivity to physical efforts that we capture in our experiment and
221 thatis not just due to momentary fluctuations in lactate levels.

222 Neural Activity and Effort-Based Decision-Making

223 After establishing that dmPFC/dACC lactate levels, but not alns, correlate with physical effort
224 motivation, we further explored if dmPFC/dACC neural activity during decision-making correlates
225  with intra- and inter-individual differences in physical effort-based decision-making. We assessed
226 dmPFC/dACC activity at the time of choice, hypothesizing it to represent an energization signal [50,
227  55] modulating the proportion of HE choices based on the effort required. Alternative accounts of
228  the dmPFC/dACC during decision-making relate it to negative subjective value encoding [46, 56—58]
229  and to deliberation times [59—61]. We therefore included these regressors in our analysis.

230  Using a generalized linear model (GLM1) with the level of chosen effort (Ech), the subjective value of
231  the chosen option (SVch), and deliberation times (DT) as parametric modulators of the choice
232 regressor, we observed significant dmPFC/dACC activity correlating with Ech when pooling the data
233 across both physical and mental tasks (Fig. 3A). These findings underscore the dmPFC/dACC’s central
234 role in supporting effort-based decision-making processes and corroborates its potential role in
235  encoding an energization signal [50]. Additionally, a smaller cluster was identified in the left (but not
236  right) alns when looking at Ech correlates across physical and mental effort tasks with a slightly more
237  lenient threshold (Fig. 3A), suggesting that the left alns might also be involved in supporting effort-
238 based decisions. Interestingly, the dmPFC/dACC also seemed to correlate negatively with SVch and
239 positively with DT (Fig. S3-2 & Supplementary Results) in agreement with the literature and the
240  correlation held independent of the way the parametric modulators of choice (Ech, SVch, DT) were
241  orthogonalized to each other (Fig. S3-3 & Supplementary Results). Therefore, we validated the
242 robustness of our tasks not only for assessing effort-based decision-making across physical and
243  mental domains as shown above (Results: Behavioral Results), but also by confirming their ability to
244 engage the dmPFC/dACC and alns during such processes. Furthermore, we also controlled that
245 dmPFC/dACC and alns reflected the level of the chosen effort [50, 56], and therefore were
246  potentially determining the choice to make, and not just the effort costs of the HE option (Fig. $3-4
247 & Supplementary Results) as has been suggested [8, 62]. This supports the documented
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248 contributions of these regions to effort valuation and decision-making [7, 8, 56, 62—66], with our
249  analysis distinguishing this activation from factors like subjective value perception [46, 57, 58] or
250 reaction times [59-61].

251  Additionally, an overlap analysis confirmed a significant correspondence between the dmPFC/dACC
252 fMRI cluster related to Ech and the dmPFC/dACC voxels measured by "H-MRS (Fig. 3B), underscoring
253  the accurate alignment of our imaging techniques with the neural processes involved in effort-based
254  decisions. This was further confirmed by looking at the correlation between the activity of the 'H-
255 MRS dmPFC/dACC and alns voxels (hereafter called dmPFC/dACC and alns) and Ech (Fig. 3C), which
256  was also still present when looking at each task independently (Fig. $3-1).

257 Having confirmed the correlation between dmPFC/dACC and Ech at the intra-individual level, we also
258 explored how differences in dmPFC/dACC Ech regression estimates could reflect inter-individual
259  variations in physical effort decisions. Initially, we hypothesized that higher Ech dmPFC/dACC
260  estimates would lead to increased energization and to a reduced kEp, therefore resulting in higher
261  HPE choices. Alternatively, we considered that higher Ech estimates might indicate that more
262  substantial dmPFC/dACC activation is required to reach the same level of motivation, suggesting that
263  effort costs are perceived as higher in those individuals, thus discouraging high effort choices. This
264  latter hypothesis aligns with the concept that dmPFC/dACC activity represents effort costs [51, 65,
265  67], influencing decision-making by modulating perceived effort expenditure. Negative correlations
266  were found between the Ech regression estimates and the overall proportion of HE choices across
267  participants, with both dmPFC/dACC (r = -0.335, p = 0.008) and alns (r =-0.402; p < 0.001), indicating
268  that higher neural sensitivity to effort choices is associated with a lower propensity to choose HE
269  options (Fig. 4). This result was specific to the Ech regression estimate, as SVch and DT regression
270  estimates in dmPFC/dACC and in alns were not significantly correlated to the proportion of HE
271 choices (Fig. S4-1C-D and Supplementary Results). Analyzing tasks independently, the relationship
272 between the fMRI Ech regression estimate and motivated behavior held significant for HPE choices
273 (Fig. 4A-B; dmPFC/dACC: r = -0.467, p < 0.001; alns: r = -0.491; p < 0.001), but not for HME choices
274 (Fig. 4A, Fig. S4-1A; dmPFC/dACC: r =-0.036, p = 0.780; alns: r = -0.141; p = 0.286), highlighting task-
275  specific differences in how effort cost influences decision-making.

276 In examining the specific contributions of dmPFC/dACC and alns activities to decision-making
277  processes involving physical effort rather than being driven by other task parameters, our analyses
278 identified a clear link between neural activity in these regions and sensitivity to physical effort kEp
279 (Fig. 4; dmPFC/dACC: r =0.403; p = 0.001; alns: r = 0.519; p < 0.001). Activity in the alns (r=0.277; p
280 = 0.034), but not in the dmPFC/dACC (r = 0.087, p = 0.503) also correlated with the sensitivity to
281  mental effort kEm (Fig. 4A, Fig. S4-1A), but none of the other parameters included in our model
282 correlated with the Ech regression estimate in the dmPFC/dACC (Fig. S4-1B, all p > 0.25), nor in the
283  alns (Fig. S4-1B, all p > 0.1), highlighting the specific influence of dmPFC/dACC and Ins activity on
284  effort sensitivity, with a particular emphasis on physical effort, particularly for the dmPFC/dACC.

285  In summary, our fMRI analysis indicates that dmPFC/dACC activity is closely associated with the
286  selection of physical effort levels both at the intra- and at the inter-individual level, emphasizing its
287  crucial role in the neural processes of effort valuation and motivation. This region's activity patterns
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288  reflect individual variations in physical effort motivation and elucidate the cognitive substrates that
289  account for differences in the propensity to engage in physically demanding tasks.

290  Path Analysis: Lactate £ Neural Activity £ Effort-Based Decision-Making

291  Given the associations between both dmPFC/dACC lactate levels and fMRI activity during decision-
292  making with the propensity to choose HPE options, but not with HME choices, we next examined
293  whether dmPFC/dACC neural sensitivity to Ech serves as a mediator in the impact of dmPFC/dACC
294  lactate levels on these choices. A mediation analysis aims to test whether a variable M statistically
295 mediates the direct relationship between two correlated variables X and Y (path c) through the
296  indirect path going from XEM (path a) to MY (path b). If the indirect path is significant (max(p(a),
297  p(b)) <0.05) and the strength of the direct path is reduced after taking into account the indirect path
298  (c’<c), then one can consider that M mediates the effect of X on Y. A first mediation analysis
299  revealed that dmPFC/dACC Ech estimate significantly mediates the relationship between baseline
300 dmPFC/dACC lactate levels and the selection of HPE options (Fig. 5A; mediation p = 0.004). Notably,
301  when this neural activity mediator was considered, the direct influence of dmPFC/dACC lactate on
302  HPE choices (c = -0.332, p = 0.010) diminished and became non-significant (¢’ = -0.184, p = 0.148),
303  suggesting that lactate affects HPE choices primarily through its impact on neural activity, thereby
304  providing a direct mechanistic link between metabolic state and decision-making processes. The
305 same result could be observed for kEp (Fig. 5B; mediation p = 0.035) with the direct path from
306  dmPFC/dACC lactate to kEp initially significant (c = 0.317, p = 0.016) becoming non-significant after
307  considering the fMRI mediator (¢’ = 0.198, p = 0.151), confirming that higher lactate levels may
308 reduce the motivation for physical efforts by influencing neural activity during decision-making. This
309 effect was not observed in the alns for any behavioral measures (i.e., HE, HPE, HME choices, or kEp)
310  (Fig. S5-1), highlighting a region-specific modulation by dmPFC/dACC lactate.

311  Expanding our analysis to incorporate plasma lactate, structural equation modeling (SEM) was used
312  to assess its impact alongside brain lactate levels on decision-making and neural correlates. This
313  broader model confirmed the linkage between plasma lactate and dmPFC/dACC lactate levels and
314  supported the role of dmPFC/dACC lactate in driving both motivated behavior and neural activity
315  during HPE decisions (Fig. 6A). Again, similar results were obtained for kEp, reinforcing the idea that
316 lactate’s influence on HPE choices might be mostly driven by its specific impact on sensitivity to
317  physical effort (Fig. 6B). Although the explained variance for our models may seem modest for each
318  of the components considered (0.1 £ R? £ 0.3), these values are consistent with the expected range
319 for neuroimaging studies, which typically explain less than 20% of inter-individual behavioral
320 variance [68, 69]. It is noteworthy to consider that a single neurometabolic measure (lactate) taken
321  in one single brain area (the dmPFC/dACC) two hours before the actual task explains such a
322 proportion of neural and behavioral variance.

323  In summary, our path analyses suggest that plasma lactate levels are associated with dmPFC/dACC
324 lactate, and it is the latter that modulates decisions and sensitivity regarding physical effort,
325 primarily through its influence on dmPFC/dACC neural activity. These findings provide insights into
326  the mechanistic pathways through which metabolic states may influence motivational processes,
327  particularly in contexts requiring significant physical effort.

328 Discussion
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329  Despite the well-documented roles of the dmPFC/dACC and alns in regulating goal-directed behavior
330 [8, 51, 64], the mechanisms underlying individual variability in the willingness to exert effort remain
331 largely unexplored. Our findings indicate that dmPFC/dACC lactate levels explain individual
332  differences in decision-making processes related to physical effort, primarily through their impact on
333  neural activity within this region. By integrating metabolic profiling, functional neuroimaging,
334  behavioral assays, and computational modeling, our study suggests that while plasma lactate levels
335 may contribute to dmPFC/dACC lactate levels, it is the latter that modulates decisions requiring
336  physical effort through its influence on neural activity. Thus, our study supports the role of lactate as
337 a critical modulator within the dmPFC/dACC, particularly under conditions that demand physical
338 exertion. Challenging the view of lactate as a booster of physical effort [70] and an antidepressant
339  [71-73], our results instead emphasize its involvement in modulating neural activity [74], ultimately
340 dampening physical effort-based decision-making behaviors at high lactate levels. This novel
341  metabolic-neural pathway deepens our understanding of the neurobiological underpinnings of
342  motivation and may open new avenues for clinical intervention.

343  Notably, our study observed that neural activity in the dmPFC/dACC escalated with the level of effort
344  chosen, supporting its role as an energization signal [50, 55] rather than merely indicating the costs
345 of effort to other brain areas [8, 62]. This increase in neural activity correlated with elevated lactate
346 levels, which is consistent with lactate’s capacity to modulate neuronal excitability through various
347  receptors and channels [74-76]. Additionally, the steepness of the dmPFC/dACC BOLD response, as a
348  function of chosen effort difficulty, inversely correlated with subjects’ propensity to select high-
349  effort options, as previously observed [50]. This suggests that increased dmPFC/dACC and alns
350 activity reflect an increased perception of effort costs [67], hinting at a cost signal that modulates
351  willingness for exertion. Supported by lesion and stimulation studies indicating a causal role of the
352 dmPFC/dACC in effort-based decision-making [55, 77, 78], our findings suggest a mechanism where
353  increased neural recruitment, influenced by lactate, serves not only as an energizing signal but also
354  carries a neural cost critical in shaping decisions related to effort expenditure.

355  Our findings introduce the compelling possibility that plasma lactate levels, particularly elevated
356  under energetically demanding conditions such as exercise, affect dmPFC/dACC lactate levels,
357  thereby impacting brain function and cognitive processes [22—-24]. The ability of lactate to cross the
358  blood-brain-barrier via specialized monocarboxylate transporters [79, 80] allows it to serve not just
359 as a metabolic fuel [81], but also as a signaling molecule [35, 36] that informs the brain about the
360 body’s overall metabolic state. According to our findings, this signaling role of lactate might be
361  particularly relevant in situations of high energy demands. For example, lactate’s signaling could be
362  particularly important under exercise [82] or pathological states such as inflammation, mitochondrial
363 dysfunction or brain lesions [83—85]. Although we did not measure dynamic changes in lactate levels
364  to directly link with task-induced fatigue, and no association was found between baseline levels and
365  subjective fatigue as measured via questionnaires, the signaling role of peripheral lactate could
366 partially explain the emergence of central fatigue [86], a common feature across these conditions,
367 and it could therefore serve as a potential mechanism for preserving energetic resources.
368  Additionally, the well-documented correlation between elevated blood lactate levels and subjective
369 ratings of physical effort during exercise [87—89] supports this signaling role. Recent studies also
370  show that injections leading to elevated lactate levels lead to decreased locomotor activity [86, 90,
371 91] which, in line with our findings, suggest that elevated plasma lactate levels may serve as a signal

10


https://doi.org/10.1101/2024.05.02.592220
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.02.592220; this version posted August 8, 2024. The copyright holder for this preprint
(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
available under aCC-BY-NC-ND 4.0 International license.

372 to the dmPFC/dACC, potentially discouraging the selection of tasks that require significant physical
373  effort. However, peripheral administration’s effects on subjective fatigue and effort perception [92,
374 93] or in effort performance and locomotor activity [72, 73] are not always consistent, indicating a
375 need for further well-powered interventive studies to clarify lactate's role in effort-based decision-
376  making and fatigue. An interaction with other plasma metabolites may be crucial for lactate's
377 signaling effect [94, 95], as high lactate levels combined with ATP and H* in muscle can induce
378  sensations of peripheral fatigue and pain, whereas none of these metabolites alone produce such
379  effects [93]. Of note, the fact that our data suggest that lactate acts as a signaling molecule
380 regulating the willingness to exert physical efforts does not preclude 1) that, as ketone bodies,
381 lactate can also be used as an alternative fuel to glucose by the brain, especially during mental and
382 physical exercise [81, 96-98] and 2) that exercise-derived lactate, in addition with other so-called
383  ‘exerkines’, could bear a mid/long-term positive influence on physical and mental health [99-101].

384  While the specificity of our results regarding the dmPFC/dACC merits attention, caution is warranted
385  due in part to the smaller number of participants with valid alns 'H-MRS lactate measurements,
386  which was additionally always performed after the dmPFC/dACC. and the fact that lactate levels in
387 the dmPFC/dACC and alns showed a moderate trend to correlate. Plasma lactate concentrations
388 correlated specifically with dmPFC/dACC, but not with alns, lactate levels. This variability aligns with
389 documented significant regional differences in lactate concentrations across the resting-state human
390  brain [49], as well as marked metabolic differences between brain regions [102-104]. Specifically,
391  the dmPFC/dACC is particularly notable for its high levels of energy consumption and aerobic
392  glycolysis [102, 104, 105]—a process that not only supports high energy demands but also produces
393 lactate as a by-product. Variations in blood-brain barrier permeability, metabolic activity,
394  vascularization, and the expression and regulation of lactate transporters across brain different
395 regions also contribute to the differential distribution and utilization of lactate.

396  Addressing our study’s limitations, we acknowledge that the explained variance by dmPFC/dACC
397 activity and lactate levels is partial, suggesting the involvement of additional neural circuits and
398 metabolic pathways in effort-based decision-making. Future studies should explore other regions
399 implicated in motivation, such as the ventral striatum and dorsolateral prefrontal cortex [106—-109],
400  which also correlated with the difficulty of chosen effort across our two tasks. Investigating other
401  metabolites alongside lactate, could elucidate the complex interactions underpinning effort-based
402  decision-making [12—-14]. Notably, our findings reveal no significant correlations between lactate
403 levels in plasma, dmPFC/dACC, or alns and motivation for mental effort, despite the established role
404  of the dmPFC/dACC in governing mental effort engagement in such tasks [55, 65, 110, 111].
405  However, our results cannot rule out that dmPFC/dACC lactate is also involved in other components
406  of motivation. Furthermore, a multivariate analysis of the same dataset indicates that a combination
407  of aspartate, glutamate, and lactate in the dmPFC/dACC can predict inter-individual differences in
408  mental-effort-based decision-making [112], suggesting that lactate is also relevant for mental effort
409 computations but its impact on mental effort may depend on its interaction with other metabolites.
410 These findings underscore the complexity of metabolic contributions to cognitive processes and
411  highlight the need for further investigation. Future studies, potentially involving animal models, are
412  warranted to dissect the causal mechanisms by which lactate influences effort-related neural
413 activity.
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414  In conclusion, our study supports the crucial role of lactate in the dmPFC/dACC as a metabolic signal
415  that regulates motivation for physical effort, offering new insights into the interplay between
416 metabolic states and cognitive functions. This work enriches our understanding of motivation,
417  supporting the view that metabolic states intricately influence cognitive functions and decision-
418 making. These findings emphasize the need for an integrated approach that considers both
419  neurobiological and metabolic mechanisms to fully understand the complexities of human
420  motivation and decision-making.

12


https://doi.org/10.1101/2024.05.02.592220
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.02.592220; this version posted August 8, 2024. The copyright holder for this preprint
(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
available under aCC-BY-NC-ND 4.0 International license.

421  Materials & Methods
422  Experimental Design

423  The current study is part of a larger experimental cohort [112]. In brief, first, participants were
424  brought to a medical center where professional nurses collected their blood (Fig. 1A) which served
425  to measure lactate levels in the plasma. We then acquired participants’ proton magnetic resonance
426  spectroscopy (*H-MRS) metabolites in the dmPFC/dACC and in the alns while participants were
427  resting in the MRI scanner (Fig. 1A, Fig. S1-2A) providing dmPFC/dACC and alns lactate levels. Then,
428 participants performed extensive training and calibration out of the scanner. This training was
429  essential to familiarize participants with the tasks and to calibrate monetary incentives and effort
430 levels. Finally, participants went back in the scanner where they performed the behavioral task
431  during four fMRI blocks alternating between physical and mental effort blocks (Fig. 1A). The
432 behavioral task was an effort-based decision-making task allowing to assess how people weigh
433 monetary incentives (rewards and punishments) and efforts (physical and mental). On each trial,
434  participants had to perform the selected effort to obtain the associated reward (or avoid increasing
435  the associated loss). The physical effort consisted in squeezing a handgrip dynamometer for variable
436  durations (from 0.5 to 4.5s) but always with the same strength threshold (55% of their maximal
437  voluntary contraction force) (Fig. 1B). The mental effort consisted in providing a certain number of
438  correct answers (based on individual calibration) within a 2-back task with a fixed duration of 10s in
439  all trials (Fig. 1C). Participants’ final reward depended partly on their performance in the behavioral
440  task.

441  Participants

442  In total, 75 right-handed healthy volunteers (N = 40 females) participated in this study which was
443  approved by the Cantonal Ethics Committee of Vaud (CER-VD), Switzerland. The number of
444  volunteers was defined to capture a moderate expected correlation (r € [0.4-0.6]) between
445  dmPFC/dACC lactate and physical effort sensitivity based on a calculation in G*Power 3.1.9.7
446  (N.subjects € [25-63]), in agreement with a previous study which showed a moderate relationship
447  (|r| = 0.5) between ventral striatum metabolites and effort perception [12]. Participants were
448 recruited through the Université de Lausanne (UNIL) LABEX platform, and through online and
449  printed announcements in the city of Lausanne. To be involved in the study, participants had to
450  speak French fluently and be aged between 25 and 40 years old. They were also screened for
451  exclusion criteria: regular use of drugs or medications, history of neurological disorders, and
452  contraindications to MRI scanning (pregnancy, claustrophobia, recent tattoo near the neck, metallic
453  implants). All participants gave their signed informed consent prior to participation in the study.
454  Before coming to the lab, participants filled out the inclusion/exclusion criteria and several online
455  behavioral questionnaires using the online Qualtrics platform (Qualtrics, Provo, Utah, USA). To
456  ensure a wide range of motivational profiles in the healthy population sampled, we used the self-
457 rated Montgomery Asberg Depression Rating Scale (MADRS-S) questionnaire for depression [113]
458  with a lenient cut-off of 4 [114], as studying depression was not the aim of the study. We therefore
459  ensured to have both individuals with a low score in the MADRS-S questionnaire (MADRS-S < 4, N =
460  37) and individuals with mild/high scores (MADRS-S = 4, N = 38). Four of the participants did not
461  perform the behavioral experiment in the MRI due to technical issues (two did the behavior out of
462  the MRI and two decided to quit the experiment before). Two more subjects were excluded because
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463  of alack of whole-brain coverage in the fMRI acquisition. Six more subjects selected the high effort
464  (HE) option in more than 95% of the trials in the two blocks of one of the two tasks, making it
465 impossible to fit their behavior. After removing these twelve subjects, we were left with N = 63
466  subjects (see Table S1 for demographic details). For some of the analysis, we also had to remove a
467  few more subjects due to plasma (N = 1), dmPFC/dACC (N = 2) or alns (N = 18) lactate values missing.
468  Participants were paid 70 CHF for completing the task and 10 CHF per hour spent in the experiment.
469  In addition, they were given a fixed amount of 4 CHF for each time they performed a physical or
470  mental maximal performance although they were told that the payoff depended on their
471  performance on these trials to ensure that they calibrated the task properly. Finally, they were also
472  given a bonus related to their choices and performance during the indifference point measurement
473 and in the main task. On average, participants obtained 203.17 + 2.28 CHF for performing the task.

474 Before coming to the laboratory, participants filled out behavioral questionnaires, including the
475 MADRS-S, online. The day before the experiment, they were instructed to refrain from performing
476  any intense physical activity (sports). The experiment was always starting around 2pm, participants
477  were asked to refrain themselves from eating and drinking anything else than water (particularly no
478  sweet or acid drinks, or drinks containing caffeine) and to not smoke for at least an hour before the
479  start of the experiment. These instructions were given in order to minimize as much as possible any
480  bias on the metabolic measures of the blood and of the brain.

481 Behavioral Task

482  General overview. The task was designed and run using Psychtoolbox 3 [115], and implemented in
483  Matlab (The Mathworks Inc., USA). We first calibrated the levels of effort to the individual’s capacity
484  and monetary incentives based on a short indifference point calibration (see Supplementary
485  Methods). Then, subjects got to practice the different levels of effort and a few choices to know
486  what they would be exposed to in the main task in the scanner. The main task in the fMRI scanner
487  consisted of performing 4 blocks of effort-based decision-making and performance tasks. Blocks
488  were decomposed in 2 mental and 2 physical effort blocks that were always alternating with each
489  other (Fig. 1A). The order of the physical and mental blocks was counterbalanced across participants
490 during both training and fMRI sessions. During a given block, participants first performed two
491 maximal physical (or mental) effort capacity trials, then they accomplished 54 choice trials always
492  immediately followed by the associated effort (Fig. 1B-C), and at the end of a block, they again had
493  to perform two maximal physical (or mental) capacity trials.

494  The behavioral task. The task consisted of 4 fMRI blocks. These blocks were organized into two
495  physical and two mental effort blocks which were alternating (Fig. 1A). The order was
496  counterbalanced across participants. Each block started and finished with two measures of
497  participants’ maximal capacity. Each block was composed of 54 trials, each divided into a choice and
498  an effort period. The choice period consisted in selecting between two options, each associated to
499  different levels of monetary incentives and effort. The effort period consisted in exerting a physical
500 or a mental effort corresponding to the effort level they had selected with performance progression
501 indicated through a yellow pie chart disappearing as performance increased. In total, participants
502  completed 216 trials. We informed participants that they should be able to do all types of effort in
503  all trials so that their choices should depend on their subjective preferences rather than on their
504  estimation of being capable to do the task (i.e. risk discounting). To further minimize the influence of
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505  risk discounting on subjective preferences, participants were informed that even if they couldn’t
506  reach the end of the pie chart for a given trial, they would still obtain a proportion of the reward at
507  stake (or avoid a proportion of the punishment at stake respectively). Before and after each block,
508 participants had to perform twice their maximal effort capacity as during the calibration period. In
509 the physical effort task, this consisted in squeezing the grip as hard as possible within 5 seconds. In
510 the mental effort task, this consisted in giving as many correct answers as possible in the 2-back
511  task, within 10 seconds. This step aimed at assessing how effort capacity varied over time, especially
512 regarding the possible reduction in effort capacity due to fatigue. To ensure that participants were
513  complying we told them that they would be rewarded based on their performance every time their
514 maximal performance would be required, although they always got a fixed amount of 4 CHF for each
515  series of maximal performance attempts.

516  Choice period. During the choice period, participants were presented with two options (Fig. 1B-C),
517  one fixed low incentive/low effort (+0.5 CHF for rewards or -0.5 CHF for punishments and effort level
518 0), and one high incentive/high effort, which varied independently in effort and incentive level. Each
519  effort level was represented by a yellow pie chart, with bigger yellow slices indicating more difficult
520 efforts. Monetary incentives were composed of 8 levels (4 rewards and 4 punishments) and effort
521  difficulty was composed of 4 levels for both tasks. The left/right position on the screen of the two
522 options was counterbalanced across trials. On each trial, participants used a four-buttons response
523  pad (Current Designs Inc., Groningen, Netherlands) to select an option (left choice with the 2 left
524  buttons/right choice with the 2 right buttons) and also to indicate how confident they were that this
525  was the best choice (low confidence had to be indicated with the 2 buttons in the middle and high
526  confidence with the 2 buttons at the extremes of the response pad). In case participants did not
527 make a choice, the low incentive/low effort was chosen by default, and we discarded this trial from
528 the analysis. After their choice selection, the selected option was displayed, framed by continuous
529 (for high confidence) or dotted (for low confidence) lines reflecting the level of confidence.

530  Effort period. At the onset of the effort period, a yellow pie chart, representing the amount of effort
531  still required to fulfill the trial, appeared at the center of the screen. To obtain the reward (or avoid
532  doubling the loss) that they selected, the objective of the participants was to make that yellow pie
533  chart disappear by applying sufficient effort in the allocated time.

534  During the physical effort phase, participants had to squeeze the handgrip for the selected duration,
535  at least at 55% of their MVC within 6s (Fig. 1B). A vertical bar representing participants’ real-time
536  force was displayed to the left, superimposed by a red bar representing the required threshold to
537  exceed (55% of their MVC). If participants exerted strength above that threshold, the yellow pie
538 chart diminished linearly over time until it disappeared, ending the effort phase, otherwise, the
539  vyellow pie chart was staying frozen, until participants reached the threshold.

540  During the mental effort period, participants had to provide a determined number of corrected
541 answers within 10 seconds (Fig. 1C). Each correct response removed a portion of the yellow pie
542  chart, until performance was achieved, or the time run out. To prevent participants answering
543  randomly to win speed over accuracy, the yellow pie chart would increase in size every time
544  participants gave an incorrect answer, unless the pie chart was still in its initial stage of completion
545  when the wrong answer was provided, in which case it remained unchanged.
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546  Participants were informed that even if they could not complete the requested amount of effort in
547  the correct amount of time for a given trial (i.e. the yellow circle was still visible at the end of the
548 trial), they would still obtain a proportion of the reward at stake, corresponding to the percentage of
549  effort performed. At the end of the effort phase, feedback on the amount of money lost or won was
550  displayed on the screen for each trial.

551  Behavioral Analysis

552  All data were analyzed using MATLAB 2021a (The MathWorks). Participants’ choices were fitted with
553  a softmax model using Matlab’s VBA toolbox (https://mbb-team.github.io/VBA-toolbox/) which
554  implements Variational Bayesian analysis under the Laplace approximation [116]. This model
555 allowed us to extract behavioral parameters reflecting the sensitivity to monetary incentives (kR,

556  kP), to physical and mental effort (kEp, kEm), along with other temporal effects (kFp, kLm) and a
557  general bias towards selecting the high or the low effort option (kBias). Details of the modeling
558 approach can be found in the Supplementary Methods.

559 Statistics

560  The results reported in the main text, unless specified otherwise, correspond to the mean + standard
561  error of the mean. For all the correlations reported between variables, we also removed any subject
562  who had a value above or below three standard deviations away from the median on any of the
563 measurements. When testing the specificity of our results, correlation coefficients were compared
564 using the R cocor package [117] with a one-tailed Steiger’s test [118] at o = 0.05 and confidence level
565 = 0.95 between two dependent (because variables were coming from the same individuals)
566  overlapping (when a variable was used in both correlations) groups.

567  Plasma Acquisition

568  Blood was extracted at the moment participants arrived for the experiment, just after they signed
569  the consent forms (Fig. 1A). Professional nurses from the Point Santé of the Ecole Polytechnique
570 Fédérale de Lausanne (EPFL) or from the Arcades medical center extracted the blood from
571  participants in S-monovette 1.2 mL tubes (Sarstedt, Niimbrecht, Germany) containing EDTA K2E to
572 avoid blood clotting. Blood was immediately stored in ice at 4°C and transported to our laboratory
573  within approximately 15 minutes. Then, blood tubes were centrifuged at 1100g and 4°C for 15
574 minutes in a PK 120 R ALC centrifuge to dissociate the plasma from blood cells. Finally, plasma was
575  extracted in tubes of 100uL in which 5uL of protease inhibitor cocktail was added. Samples were
576  subsequently stored at -80°C until further analysis.

577  Plasma Lactate Analysis

578  Plasma lactate concentrations were measured using a liquid chromatography instrument (Waters
579  Aquity, Milford, MA, USA) coupled to a tandem mass spectrometer (Sciex 6500+, Toronto, Canada)
580 allowing to perform liquid chromatography coupled to mass spectrometry (LC-MS). Following Dei
581  Cas and colleagues [119], 40uL of plasma samples were deproteinized and then derivatized with 3-
582  nitrophenylhydrazine (3-NPH). Derivatized compounds were then quantified by reversed-phase
583 liquid chromatography on a Raptor ARC-18 UHPLC column (2.1 x 100 mm; 1.7um) and analytes were
584  detected in negative mode using multiple reaction monitoring (MRM) transitions specific for each

16


https://doi.org/10.1101/2024.05.02.592220
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.02.592220; this version posted August 8, 2024. The copyright holder for this preprint
(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
available under aCC-BY-NC-ND 4.0 International license.

585  analyte. The concentration of lactate was then calculated by comparison of the ratios between the
586  signal intensity of lactate to labeled lactate used as internal standard, via its corresponding
587 calibration curve. Except one subject where there was not enough plasma to perform the analysis,
588 all plasma lactate levels were within the range of detection and were therefore included in the
589  analyses.

590  *H-MRS Data Acquisition

591 Proton magnetic resonance spectroscopy (lH—IVIRS) was acquired in a 7 Tesla scanner (Magnetom,
592  Siemens Medical Solutions, Erlangen, Germany) equipped with a single channel quadrature
593  transmitter and a 32-channel receive coil (Nova Medical Inc., MA, USA). Shimming was performed
594 using FAST(EST)MAP [120] for both first- and second-order to optimize magnetic field homogeneity.
595 Head movements were minimized by positioning foam pieces around the participants' heads. In
596  addition, OVS bands were carefully placed to suppress signals from outside the voxel-of-interest
597 (VOl), in particular extra-cerebral fat signals. The voxels were positioned using T1l-weighted
598  magnetization prepared 2 rapid gradient echo (MP2RAGE) [121] with the following acquisition
599 parameters (TE = 1.88ms; TR = 6s, TI1/TI2 = 800/2700 ms, al/a2 = 7°/5°, slice thickness = 1 mm, FOV
600 =192 x 192 x 192 mm?®, matrix size = 192 x 192 x 192, bandwidth = 240 Hz/Px). We always acquired
601  the dmPFC/dACC voxel first, followed by the left alns voxel.

602  The dmPFC/dACC voxel (20 x 20 x 20 mm®) was positioned using MP2RAGE anatomical images, by
603  aligning it on the midline of the axial and coronal planes. In the sagittal plane, the voxel horizontal
604  borders were defined to be parallel to the cingulate sulcus. The anterior vertical border was defined
605  to be above the genu of the corpus callosum.

606  The left alns voxel (20 x 20 x 20 mm?®) was aligned to the superior and to the anterior peri-insular
607 sulcus [122] on the sagittal plane. On the axial and coronal plane, we moved the voxel to maximize
608 the signal quality and the number of voxels overlapping the insula, while minimizing contact with the
609  ventral pallidum.

610  Semi-adiabatic spin echo full intensity acquired localized (sSPECIAL) [123—125] was used to acquire
611 50 MR spectra blocks (2 average/block) per region of interest, with the following acquisition
612  parameters (TE = 16 ms; TR = 5 s, spectral bandwidth 4000 Hz, and a number of points of 2048).
613  Outer Volume Suppression (OVS) bands were positioned around the VOI to minimize spectral
614  contamination from lipid and water signals originating from peripheral regions around the brain.

615  'H-MRS Data Analysis

616  All spectra were corrected for frequency/phase shifts and averaged. Then, we used LCModel for
617  spectral fitting and lactate quantification [126], with a basis set that included simulated metabolite
618  spectra and an experimentally measured macromolecule baseline (Fig. S1-2B). In addition, a
619  spectrum of unsuppressed water was acquired and used as an internal reference for absolute lactate
620  quantification in LCModel. Furthermore, following lactate quantification in LCModel and correction,
621 any computed metabolite concentrations with a Cramér-Rao lower bounds (CRLB) higher than 50 %
622  were excluded. This led us to remove 2 subjects for the analyses including dmPFC/dACC lactate and
623 18 subjects for alns lactate.
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624  Anatomical T1l-weighted images were used to compute the tissue composition within each MRS
625  voxel. The T1-weighted images were segmented into grey matter (GM), white matter (WM), and
626  cerebrospinal fluid (CSF) in SPM12 toolbox (Wellcome Trust Center for Neurolmaging, London, UK)
627  with the Marsbar toolbox (https://marsbar-toolbox.github.io/) working in Matlab (The Mathworks,
628  US). Metabolite concentrations in each MRS voxel were corrected for the CSF fraction, assuming
629 water concentrations of 43,300 mM in GM, 35,880 mM in the WM, and 55,556 mM in the CSF. The
630  dmPFC/dACC and alns spectrum resulted in an overall signal-to-noise ratio (SNR) LCModel output
631  and FWHM of 88 + 12, 0.029 £ 0.028 ppm, and 53 £ 17, 0.036 + 0.01 ppm, respectively. The average
632 CRLB for lactate was of 0.076 + 0.003 in the 61 remaining dmPFC/dACC subjects and of 0.146 + 0.017
633 in the 45 remaining alns subjects, confirming the good quality of the data in the subjects included in

634  the analysis. The quality of the 'H-MRS data was also confirmed by the observation of the
635  characteristic lactate doublet at ~1.33ppm (Fig. S1-2B) when looking at the MRS spectra.

636  fMRI Data Acquisition

637  Functional and structural brain imaging data was collected using a Siemens Magnetom 7T scanner
638  (Siemens, Erlangen, Germany) equipped with a 32 channel Head/Neck coil (Nova Medical Inc., MA,
639  USA). Structural Tl-weighted images were co-registered to the mean echo planar image (EPI),
640 segmented and normalized to the standard T1 MNI template and then averaged across subjects for
641  anatomical localization of group-level functional activations. Functional T2*-weighted EPIs were
642 acquired with BOLD contrast using the following parameters: repetition time TR: 2.00 seconds, echo
643 time TE = 26 ms; flip angle = 63°; number of slices = 63; slice thickness = 2.00 mm; field of view = 304
644  mm; multiband acceleration factor = 3. Note that the number of volumes per block was not
645  predefined because all responses were self-paced. Volume acquisition was just stopped when the
646  task was completed.

647  fMRI Data Analysis

648  Functional MRI data were preprocessed and analyzed with the SPM12 toolbox (Wellcome Trust
649  Center for Neurolmaging, London, UK) running in Matlab 2021a. Preprocessing consisted of spatial
650 realignment, normalization using the same transformation as anatomical images, and spatial
651  smoothing using a Gaussian kernel with a full width at a half-maximum of 8 mm.

652  Preprocessed data were analyzed with a standard general linear model (GLM) approach at the first
653  (individual) level and then tested for significance at the second (group) level. All GLM included six
654 movement regressors generated during the realignment procedure. First-level images were masked
655  with an inclusive mask derived from the group of subjects included in the analysis. The mask was
656  built by first creating a first level grey matter mask for each subject through SPM’s segmentation
657  procedure during preprocessing. These individual masks were then averaged across subjects and
658  only voxels with a probability higher than 5% to be in the grey matter were kept. Individual fMRI
659  blocks where subjects picked up one option (either the high effort or the low effort) more than 94%
660  of the time were removed from the analysis for all GLMs. Moreover, for GLM4 (see Supplementary
661  Methods), we also removed any fMRI block where high effort or low effort choices were always
662  associated to a single high effort level, since SPM could not compute a regression otherwise.

18


https://doi.org/10.1101/2024.05.02.592220
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.02.592220; this version posted August 8, 2024. The copyright holder for this preprint
(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
available under aCC-BY-NC-ND 4.0 International license.

663  Our first GLM (GLM1) included one categorical regressor to model fixation crosses onsets, a second
664  categorical regressor to model the choice onset, which was parametrically modulated by the effort
665 chosen (Ech), the subjective value of the chosen option (SVch) derived from our computational
666  model and choice deliberation time (DT), another regressor modeled the onset of the display of the
667  chosen option, another regressor modeled the onset of the effort period and a last regressor
668 modeled the feedback onset. All categorical regressors were modeled with a stick function. All
669  parametric modulators were zscored per block. The parametric modulators were not
670  orthogonalized, so that they were competing to explain the variance of the BOLD signal.

671  For region-of-interest (ROI) analyses, we employed *H-MRS-derived masks for the dmPFC/dACC and
672  the alns ensuring the analysis of fMRI data without double dipping [127] and that the fMRI
673  activations analyzed correspond to the exact same location where ‘"H-MRS was measured. To create
674 these masks, we first extracted the coordinates of the individual *H-MRS voxels in native-space. Then
675  we applied the same transformation to these voxels as the one applied to fMRI images based on co-
676  registration and we obtained the corresponding voxel coordinates in MNI space for each individual.
677  The density map of the voxels covered across all individuals in MNI space can be found in Figure 3B
678  and in Figure S1-2A. The activity of each region-of-interest (ROI) was extracted as the average level
679  of activity of all the fMRI voxels located inside the individual *H-MRS mask. Subjects where *H-MRS
680 could not be measured for a given ROl were subsequently also excluded from the ROI analysis of
681  fMRI. Violin plots with ROl fMRI results were generated using the violinplot Matlab function
682  developed by  Bastian Bechtold (https://github.com/bastibe/Violinplot-Matlab,  doi:
683  10.5281/zenod0.4559847).

684  Overlap between *H-MRS voxel and fMRI clusters

685 The overlap between 'H-MRS voxels and fMRI Ech clusters was performed by extracting the
686  dmPFC/dACC fMRI cluster for Ech (at a voxel-wise threshold of p < 0.001 with a family-wise error
687  (FWE) correction for multiple comparisons, N = 63) and the left alns fMRI cluster for Ech (at a voxel-
688  wise threshold of p < 0.05 with a FWE correction for multiple comparisons, N = 63) and the "H-MRS
689  dmPFC/dACC (N = 63) and alns (N = 60) voxels sampled across all the 63 participants included in MNI
690  space and then to look at the percentage of overlap between the two. Any voxel sampled with *H-
691 MRS in at least one subject and as well present in the average fMRI cluster for Ech would then be
692  counted as an overlap. We also performed a second test by restricting the analysis to the *H-MRS
693  voxels sampled in at least 90% of the participants and extracted the overlap accordingly.

694  Structural Equation Modeling (SEM) Analysis

695 The SEM analysis was performed using R Statistical Software (version 4.3.2; R Core Team 2023;
696 https://www.r-project.org/) running in RStudio (version 2023.12.1+402; RStudio Team (2020);
697  http://www.rstudio.com/) with the lavaan (v0.6.16) package [128]. Before launching the mediation

698  and SEM analysis, we filtered any subject who had a missing value on any of the measurements
699 (between plasma levels of lactate, brain levels of lactate, fMRI regression estimate, or behavioral
700 output) and we also removed any subject who had a value above or below three standard deviations
701  away from the median on any of the measurements involved in the analysis. Note that this was done
702  independently for each analysis therefore they do not always include the same number of subjects
703 (N =41-43 for alns analyses and N = 56-59 for dmPFC/dACC analyses).
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704  Data And Code Availability

705  The original code developed for the task has been deposited at
706  https://github.com/NicolasClairis/physical and mental E task.git and is publicly available as of the

707  date of publication. The second-level whole-brain fMRI maps have been uploaded in Neurovault and
708  can be found at: https://neurovault.org/collections/17029/. Any additional information required to

709  reanalyze the data reported in this paper is available from the lead contact upon reasonable request.
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1063 Figure 1: Behavioral task.

1064 A] Experimental timeline. Participants first started with a blood extraction in a dedicated medical facility
1065 followed by proton magnetic resonance spectroscopy (lH-MRS) in a magnetic resonance imaging (MRI)
1066 scanner to measure lactate in the dorsomedial prefrontal cortex/dorsal anterior cingulate cortex
1067 {dmPFC/dACC) (left) and the anterior insula {alns) {right). The intended voxel placement for each region of
1068 interest is highlighted by a red square, superimposed on the SPM single subject T1 template (see Fig. S1-2A for
1069 the actual average voxel location across subjects). This measure allowed us to acquire lactate, characterized by
1070 a doublet around ~1.33ppm, in both dmPFC/dACC and alns (Fig. S1-2B). Next, calibration and training outside
1071 the MRI scanner allowed us to adjust effort and monetary incentive levels, based on individual indifference
1072 points. Participants then returned in the MRI scanner to perform the task during fMRI in blocks of physical or
1073 mental effort {order counterbalanced), with blocks comprising 54 trials and lasting ~5-15 minutes each. Before
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1074 and after each block, participants were asked to perform their maximal performance again. B-C] Effort-based
1075 decision-making tasks. Subjects first performed a choice between the two options, always followed by the
1076 exertion of the effort selected in order to obtain the money selected (in the reward trials) or to avoid losing
1077 twice the amount selected (in the punishment trials). Reward and punishment trials were interleaved. The
1078 proportion of high effort choices and deliberation times depending on the incentive and on the effort levels
1079 can be found in Fig. S1-1. B] Physical effort task. The physical effort consisted in squeezing a handgrip with the
1080 left hand above 55% of the maximal voluntary contraction (MVC) force for variable durations based on the
1081 effort selected. C] Mental effort task. The mental effort consisted in completing a 2-back task within 10s. The
1082 2-back task required to indicate if the number displayed two digits back was below or above the number five.
1083 The number of correct answers to provide during each trial depended on the maximal number of correct
1084 responses (MNCR) obtained during calibration and on the effort selected.

29


https://doi.org/10.1101/2024.05.02.592220
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.02.592220; this version posted August 8, 2024. The copyright holder for this preprint
(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
available under aCC-BY-NC-ND 4.0 International license.

1085
1086
A B .
0.6 g
HE 3
@ 04 Hd
g :
2l upE
2 HPE 0.2 £
g° ®
g Ihve 0« g2
L mom
L -
14}
0.2
& xEp
-]
§ kE . E
m a
= 06
dmPFC/dACC alns plasma dmPFC/JACC alns plasma
1087 Lactate Lactate

1088  Figure 2: Correlations between plasma, dmPFC/dACC and alns lactate levels and
1089  behavioral measures of motivation.

1090 A] Heatmap displaying Pearson correlation coefficients between dmPFC/dACC, alns and plasma lactate levels
1091 and behavioral measures of motivation (high effort [HE], high physical effort [HPE] and high mental effort
1092 [HME] choices, and physical [kEp] and mental [kEm] effort sensitivities). Significance levels: ***p<0.001;
1093 **p<0.01; *p<0.05. B] Heatmap displaying Pearson correlation coefficients among lactate measurements
1094 across the dmPFC/dACC, the alns, and plasma. Significance levels in both panels: ***p<0.001; **p<0.01;
1095 *p<0.05. We also verified that plasma and brain measures of lactate were not correlating with measures of
1096 capacity like maximum voluntary contraction force (Fig. S2-1A}, the maximum number of correct responses in
1097 the mental task (Fig. S2-1B), subjective fatigue (Fig. S2-1C), or maximal performance (Fig. $2-1D). We also
1098 verified that there were no sex differences in behavior (Fig. S2-2A) or in plasma or brain levels of lactate (Fig.
1099 S2-2B). Finally, we also verified that plasma and brain levels of lactate were not correlated with sleep ratings
1100 (Fig. $2-3), with stress- and anxiety-related questionnaires in general and on the day of the experiment and
1101 with stress-related physiological variables such as cortisol (Fig. 52-4).
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1105  Figure 3: Task-Related Neural Activity and Spectroscopy Voxel Overlap.

1106 A] Brain activation related to the level of the chosen effort (Ech) across tasks. A t.test against zero across
1107 participants (N = 63), reveals a positive correlation between dmPFC/dACC (left), voxel-wise thresholded at p <
1108 0.001 after family-wise error (FWE) correction for multiple comparisons (cluster peak: x =0,y =32,z =32 in
1109 MNI coordinates; cluster size: k = 686 voxels; cluster p.value after family-wise error (FWE) correction for
1110 multiple comparisons: p < 0.001}), and alns (right), voxel-wise thresholded at p < 0.05 FWE-corrected (x = -38, y
1111 =26, z = -4; k = 55; cluster p.value after FWE correction for multiple comparisons: p < 0.001), activities and Ech.
1112 No cluster correlating with Ech was found in the right alns. The Neurovault full map can be found at:
1113 https://neurovault.org/collections/17029/. B] "H-MRS voxels overlap with the fMRI clusters. The left panel
1114 highlights the overlap between the dmPFC/dACC fMRI cluster from [A] and the 'H-MRS dmPFC/dACC density
1115 map across subjects (details in Fig. S1-2). The overlap between the dmPFC/dACC fMRI cluster for Ech and the
1116 dmPFC/dACC 'H-MRS voxel location revealed that 99.6% of the voxels of the dmPFC/dACC fMRI cluster and
1117 14.1% of the dmPFC/dACC 'H-MRS measurement were overlapping, confirming that our 'H-MRS voxel
1118 placement was highly precise and relevant for the purpose of this study. Even when restricting the analysis to
1119 the "H-MRS voxels present in at least 90% of the participants, there was still an important overlap of 38.3% of
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1120 the dmPFC/dACC voxels with 49.4% of the dmPFC/dACC "H-MRS voxels, confirming the correct placement of
1121 our voxel of interest. The right panel highlights the overlap between the left alns fMRI cluster from [A] and the
1122 'H-MRS alns density map across subjects (details in Fig. S1-2). The overlap entailed 100% of the fMRI cluster
1123 and 0.98% of the alns 'H-MRS voxel when including all subjects, and 27.3% of the alns fMRI cluster and 3.7% of
1124 the 'H-MRS voxel when restricting to the "H-MRS voxels sampled in at least 90% of all the participants, further
1125 confirming that our 'H-MRS alns placement was also meaningful for studying Ech. C] Regression estimates for
1126 effort chosen (Ech), the subjective value of the chosen option (SVch) and deliberation time (DT) during the
1127 choice period within the 'H-MRS dmPFC/dACC (N = 63, left panel) and the "H-MRS alns (N = 60, right panel).
1128 The dmPFC/dACC activity was positively associated to Ech (8 = 0.533 £ 0.072; p <0.001), a relationship holding
1129 even when splitting the data between physical and mental effort tasks (Fig. $3-1). The dmPFC/dACC activity
1130 was also positively associated to DT (B = 0.738 = 0.090; p < 0.001) and it also tended to be negatively
1131 associated to SVch (B = -0.147 + 0.076; p = 0.057) and. The overlap between the three dmPFC/dACC fMRI
1132 clusters can be observed in Fig. $3-2. The alns activity was also positively associated to Ech (B = 0.441 +0.071; p
1133 < 0.001) in both physical and mental tasks (Fig. $3-1), as well as with DT (B = 0.500 + 0.084; p < 0.001), but not
1134 with SVch (B = -0.052+ 0.067; p = 0.437). Note that the ROI results are stable even if regressors are
1135 orthogonalized to each other (Fig. $3-3). Furthermore, the observed outcome is really tied to an increase with
1136 the level of the effort chosen and not with a computation of the effort costs related to the high effort option
1137 (Fig. S3-4). Significance of Student t-tests against zero: ***p<0.001; **p<0.01; *p<0.05.
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1141  Figure 4: Correlation between behavioral motivation measures and dmPFC/dACC and alns
1142  neural activity during choice.

1143 A] Heatmap displaying Pearson correlation coefficients between motivational behavioral variables (high effort
1144 [HE], high-physical effort [HPE], high mental effort [HME] and effort sensitivity parameters in the physical [KEp]
1145 and the mental [kEm] domain) against dmPFC/dACC and alns effort chosen (Ech) regression estimate during
1146 decision-making. Significance levels: ***p<0.001; **p<0.01; *p<0.05. B] Scatter plots depicting the significant
1147 correlations from [A]. The plots highlight the linear relationship between dmPFC/dACC and alns BOLD
1148 regression estimates for Ech across participants and behavioral measures of motivation (HE and HPE choices
1149 and kEp). Each point represents an individual participant. The scatter plots for the correlations with HME and
1150 kEm are displayed in Fig. S4-1A. The correlation heatmap for the other parameters from the model (kR, kP,
1151 kFp, kLm, kBias) is displayed in Fig. S4-1B. We also verified that none of the correlations displayed here was
1152 significant when replacing the Ech regression estimate by the SVch (Fig. S4-1C) or the DT (Fig. S4-1D)
1153 regression estimates.

1154
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1158 Figure 5: Mediation analysis of dmPFC/dACC lactate on motivated behavior via dmPFC/dACC
1159 activity.

1160 Significant paths are depicted with continuous black lines, while non-significant paths are represented with
1161 dotted grey lines. Path c represents the coefficient for the direct path before considering the mediator, while
1162 path ¢’ represents the coefficient for the direct path after considering the mediator in the same equation, and
1163 path a and b are the coefficients for the indirect pathway (i.e. the mediation). The equivalent tests for the alns
1164 can be found in Fig. S5-1. Significance levels for each path: ***p<0.001; **p<0.01; *p<0.05. A] High physical
1165 effort (HPE) choices: a mediation analysis shows dmPFC/dACC lactate levels influencing HPE choices mediated
1166 by dmPFC/dACC fMRI regression estimate for Ech (N = 60). C] Sensitivity to physical effort kEp: Path analysis
1167 shows dmPFC/dACC lactate levels influencing kEp, mediated by dmPFC/dACC fMRI regression estimate for Ech
1168 (N=57).
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1172 Figure 6: Structural Equation Modeling of dmPFC/dACC lactate influence on motivated behavior
1173  via dmPFC/dACC activity, including plasma lactate.

1174 Significant paths are depicted with continuous black lines, while non-significant paths are represented with
1175 dotted grey lines. Significance levels for each path: ***p<0.001; **p<0.01; *p<0.05. A] Path analysis for high
1176 physical effort (HPE) choices: Examining the influence of plasma lactate on HPE choices, through dmPFC/dACC
1177 lactate and activity (N = 59). The model explained variance for each of the parameters of the path analysis was
1178 the following: dmPFC/dACC lactate R? = 0.099, dmPFC/dACC Ech estimate R? = 0,138, HPE choices R? = 0.226.
1179 B] Path analysis for the sensitivity to physical effort kEp: Examining the influence of plasma lactate on kEp,
1180 through dmPFC/dACC lactate and activity (N = 56). The model explained variance for each of the parameters of
1181 the path analysis was the following: dmPFC/dACC lactate R? = 0.106, dmPFC/dACC Ech estimate R? = 0.151, kEp
1182 parameter R? = 0.208.
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