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produce these changes in weight? Some models attribute this role to the dIPFC itself, arguing that
increases in activation in this area when focused on specific attributes (e.g. focusing on healthy
eating) reflect computations necessary to redirect attention and alter weights. We thus interrogated
the dIPFC for evidence that activation in this area during either Study 2 or Study 3 might increase
generally when people focus on regulating their attention, as might be expected if this region
implements changes in weights. However, we observed no effect of regulatory focus on overall
response in this region in either Study 2 (F2.96 = 1.12, P = .33) or Study 3 (F2.70 = 1.294, P = .28).

Thus, we found no evidence that this region activates to drive changes in weights.
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468  Discussion

469  When and why do normative choices (i.e., those choices that conform to abstract standards and
470  social rules) recruit regions associated with cognitive control like the dorsolateral prefrontal cortex
471  (dIPFC)? Simulated activity from an attribute-based neural drift diffusion model (anDDM)
472  suggests a straightforward answer: normative behavior may only trigger the dIPFC when
473  normative attributes conflict with hedonic ones, and the decision maker values hedonic attributes
474  more. Across three separate fMRI studies and two different choice domains (generosity and
475 healthy eating), we show several results that confirm predictions of the anDDM. First, we show
476  that activation in the dIPFC correlates consistently with predicted activity of the anDDM across
477  all contexts examined. Second, we show that even in individuals who show a natural bias towards
478  selfishness, regulatory instructions to focus on socially normative attributes increase generosity
479  but reduce dIPFC response when choosing generously. Third, this pattern replicated in the domain
480 of healthy eating, suggesting a general principle that may apply across a variety of self-control
481 dilemmas. Finally, we found little evidence that overall activation in the dIPFC predicted
482  regulation-induced changes in weight. Our results provide empirical support for recent theories
483  positing that successful self-control—defined as choosing long-term or abstract benefits over
484  hedonic, immediate gratification?>—depends importantly on value computations. They stand in
485  contrast to the predictions of models of posterior dIPFC function suggesting that the strength with
486  which the dIPFC activates during choice determines whether prepotent hedonistic responses are
487  resisted!®212426 Qur results point to a modified conceptualization of the role played by the dIPFC
488  in promoting normative choice.

489
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490 A large literature, generally consistent with models that assume normative behavior requires
491  controlled processing, suggests that the dIPFC activates when prepotent responses conflict with
492  desired normative outcomes?”?¢, The neural activity of the anDDM, which arises from mutually
493 inhibitory pools of option neurons receiving weighted inputs from hedonic and virtuous attributes,
494  isin some ways consistent with such an interpretation. However, it calls into question assumptions
495  that prepotency equates to hedonism, or even to automaticity?® more generally. Instead, our model
496  suggests that the “prepotent response” may correspond, at least in the realm of value-based
497  decision making, to choices consistent with the choice attribute that is currently receiving higher
498  weight, regardless of the source of that weight. In other words, even when higher weights on
499  normative attributes derive primarily from a deliberative, regulatory focus, as in our final two
500 studies?, this results in reduced activity in the dIPFC when making normative choices (and greater
501 activity when choosing hedonistically). Mechanistically, these patterns result from the fact that
502  higher weights on normative attributes reduce the computation required for competitive neural
503 interactions to settle on the normative response. Thus, while virtuous choices associated with
504  successful self-control may sometimes recruit the posterior dIPFC, manipulations that increase the
505 weight on normative attributes, either by making it more salient in the exogenous environment or
506  focusing endogenous attention towards it, should both promote normative behavior and make it
507  easier to accomplish.

508

509  This observation may help to explain why some researchers have found evidence consistent with
510  greater response in the dIPFC promoting normative choice!®®9%:31 while others have not®2,
511 Variations that influence the weight on normative attributes—whether across individuals, goal

512  contexts, or paradigms—will tend to reduce statistical significance and increase heterogeneity in

25


https://doi.org/10.1101/2020.10.06.328476

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.06.328476; this version posted January 20, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

513 the link between neural activation in the dIPFC and normative choice. Fortunately, our model
514  provides a way to predict both when and why dIPFC activity will be observed. For example, in the
515 domain of intertemporal choice, our model predicts that making future outcomes more salient
516  should amplify their weight in the choice process, promoting patience while decreasing dIPFC
517  activation. This is exactly what is observed empirically*?. Thus, researchers would do well to
518 interpret activation of the dIPFC for a particular kind of choice (be it generous or selfish, healthy
519 or unhealthy, patient or impatient) with caution. Such a pattern may say less about whether the
520 dIPFC (and by extension, cognitive control more generally) is required to inhibit instinctual
521  responses and preferences, and more about what kinds of attributes are most salient or valuable in
522  the moment.

523

524  Our results have important implications for theories of self-control suggesting that the dIPFC
525  promotes self-control by modulating attribute weights in the choice process!*"%. The region of
526  dIPFC that we observe here correlating with the anDDM is nearly identical to areas observed when
527  dieters made healthy compared to unhealthy choices!, and when participants are required to
528  recompute values based on contextual information®. Yet we find that the relationship between
529  self-control “success” and “failure” in this region reverses when participants actively focus on
530 health: dIPFC now responds more strongly to unhealthy choices. These results thus seem
531 incongruent with the notion that this area down-regulates weight on norm-inconsistent
532  considerations and up-regulates norm-consistent ones, since we observed decreased responses in
533 thisareain the context of increased normative choice and increased weight on normative attributes
534  (Figure 4, c.f. 2). Moreover, we found no evidence that regulatory instructions led to greater

535 overall activation in the dIPFC, as might be expected if this area implements changes in the weight
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536 given to normative attributes. Instead, this region appeared to correlate with the evidence
537  accumulation stage of decisions, rather than with the evidence construction stage, responding
538 during decision conflict generally, regardless of whether that conflict derived from greater
539  weighting of hedonic or normative attributes.

540

541  We emphasize, however, that our results and conclusions apply narrowly to the area of dIPFC
542  identified. The anDDM-related dIPFC region in this study lies posterior and dorsal to another
543  dIPFC area that we have observed, in these same datasets, to track hedonistic and normative
544  attributes in a goal-consistent manner and to serve as a candidate for mediating regulation-induced
545  changes®. Furthermore, gray matter volume in this more anterior dIPFC area, but not in the
546  posterior dIPFC region identified here, correlates with regulatory success®. Thus, while some
547  areas of the dIPFC may indeed play an important role in promoting self-regulation and normative
548  behavior by altering attribute weights in decision value, we suspect that they are anatomically and
549  computationally distinct from the region of the posterior dIPFC sometimes assumed to serve this
550 role. Future work will be needed to better delineate subregions of the dIPFC, and to determine the
551  unique role each one plays in promoting normative choices.

552

553  The close correspondence between predictions of the anDDM and activation patterns in the dIPFC
554  makes it tempting to conclude that this region performs this computational function. While this
555  hypothesis is consistent with results from single-cell recordings'’*, we also acknowledge that the
556 dIPFC has been associated with many computational functions and roles, not all of which are
557  mutually incompatible. Thus, it is possible that the dIPFC region observed here performs some

558  sort of process that is correlated with, but not identical to, the neuronal computations of the anDDM.
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Future work, including computational modifications or additions to the anDDM, as well as
recordings from other modalities®*, may help not only to elucidate the precise computational
functions served by this area, but also the ways in which it promotes adaptive choice and normative
behavior. Work extending these findings to other domains of normative choice, such as moral
decision making or intertemporal choice, may also help to identify the commonalities and

differences across different self-control dilemmas.
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566  Methods

567  Computational Model Simulations

568  Our attribute-based neural drift diffusion model (anDDM: Figure 1) assumes that brain areas
569 involved in decision making (particularly those that convert preferences into action) contain two
570  spatially intermingled populations of neurons representing the options under consideration (here
571 denoted as Option 1 and Option 2), with instantaneous firing rates (FR) at time t of FR1(t) and
572 FR2(t). At the beginning of the choice period FR1(0) = FR2(0) = 0. Firing rates in each population
573  evolve dynamically from the onset of choice based on the sum total of excitatory and inhibitory
574  inputs (detailed below). A choice results at time ¢, the first moment at which the firing rate of one
575  of the two populations exceeds a predetermined threshold or barrier B. The total response time RT
576 ist’ plus a constant non-decision time (ndt) that accounts for perceptual and motor delays.

577

578  Firing rates in the two pools evolve noisily over time according to the following two equations:

579 {FRl(t) =max(0, y X FRy(t — 1) = { X FR,(t — 1) + (v, — v,) + el(t))}

FR,(t) = max(0, y X FRy(t — 1) — { X FRy(t — 1) + (v, — vy) + &,(1))
580  where the noise terms g, (t) are normally distributed ~N(0,.1), y > 1 represents recurrent auto-
581 stimulation from the pool onto itself, { > 0 represents inhibitory input from the other pool, and v,
582  and v, represent external inputs proportional to the overall values of Options 1 and 2, determined

583 by the weighted sum of their choice-relevant attribute values:

v, = Z w;Attrib}
i

584 .
v, = Z w;Attrib?
i

585

29


https://doi.org/10.1101/2020.10.06.328476

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.06.328476; this version posted January 20, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

586  Thus, each pool’s activity receives an external input proportional to its value relative to the other
587  option. In our simulations, we assumed two independent attributes: one related to hedonism (e.g.,
588 tastiness of a food) and one related to norms and standards (e.g. healthiness), although in principle
589  any number and type of attribute could occur. Using these equations allowed us to simulate the
590 dynamically evolving balance of excitation and inhibition across the two neuronal populations,
591 and to derive distributions of both response times (RTs) and neural response. We label the final
592  output (i.e., choice) of the system as “normative” if it results in selecting the option with the higher
593  unweighted value for the normative attribute (e.g., the option with higher healthiness).

594

595  To simulate everyday self-control dilemmas using this framework, we simulated choices between
596  two options representing different combinations of hedonistic and normative attributes, allowing
597 the relative value difference between an option and its alternative on a given attribute to vary
598 independently in the arbitrarily chosen range [-3, -2, ... +2, +3]. This permitted us to explore how
599 the likelihood of a normative choice changes depending on how much better or worse one of the
600 two options is along hedonic and normative attribute dimensions, as well as what happens when
601 the relative values of the two attributes conflict (i.e. take opposite signs) or do not.

602

603  We also sought to capture in our simulations the notion that a decision maker can vary from
604 moment to moment in their commitment to and desire for hedonistic vs. normative goals. For
605 example, a dieter may begin to relax the importance they place on norm-consistent attributes like
606 healthiness once they reach their target weight, resulting in more unhealthy choices. In the main
607 text (and Figure 2), we focus on simulations for two different goal contexts: one with a higher

608  weight on tastiness, a hedonic attribute (i.e., wr = .05, wn = .02) and one with a higher weight on
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609 healthiness, a normative attribute (wr =.02, wn = .05). For simplicity, we assumed that all choices
610 used a choice-determining threshold B=0.15, selected to produce RTs in the range typically
611 observed in human subjects. Thus, for purposes of illustration, we simulated a decision-maker in
612  two different contexts with different weights on the two attributes, facing 49 distinct choices
613  representing different combinations of attribute values. To ensure that our conclusions held across
614  avariety of weights, we also simulated an additional 34 different goal contexts, fully covering the
615 factorial combination of weights on wt and wh in the range of 0, .01, .02 ... .05. Using these values
616 and weights, we simulated choice frequencies, total neural activation (summed across the two
617  neuronal pools), and RTs for each of the different hypothetical option pairs/attribute combinations,
618  probing the effects of attribute weights, attribute magnitudes, and attribute conflict (i.e. match or
619  mismatch between the signs of normative and hedonic attribute). Results of these simulations are
620 displayed in Figure 2. Code is available at [link released after publication].

621

622  Experimental Studies

623  Details about portions of Studies 1, 2 and 3, as well as neuroimaging parameters, have been
624  reported previously?>Z. Here, we highlight in brief the most important details for the current work.
625

626  Participants. For Study 1, we analyzed data from 51 male volunteers (mean age 22, range 18-35).
627  All participants received a show-up fee of $30 as well as an additional amount ranging from $0-
628  $100, depending on the outcome of the task (see below). For Study 2, we analyzed data from 49
629  volunteers (26 male, mean age 28, range 19-40). For Study 3, 36 individuals from Study 2 returned
630 to the lab for a separate session on a separate day to complete a dietary choice task. For each

631  session in Studies 2 and 3, participants received a show-up fee of $50. Participants completing the
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632  altruistic choice task in Study 2 also received from $0-$40 in additional earnings, depending on
633  the outcome of the task (see below). Caltech’s Internal Review Board approved all procedures.
634  Participants in all studies provided informed consent prior to participation.

635

636  Tasks and Stimuli

637  Altruistic Choice Task (Studies 1 & 2). We examined self-control dilemmas pitting self-interest
638  against generosity using an Altruistic Choice Task for Studies 1 and 2. On every trial in the scanner,
639 the participant chose between a proposed pair of monetary prizes to herself and a real but
640  anonymous partner, or a constant default prize-pair to both ($50 in Study 1, $20 in Study 2) (Figure
641  3a-b). Proposed prizes in the prize-pair varied from $0 to $100 in Study 1 and $0 to $40 in Study
642 2, and always involved one individual receiving an amount less than or equal to the default, while
643  the other individual received more. Thus, on every trial the participant had to choose between
644  generous behavior (benefitting the other at a cost to oneself) and selfish behavior (benefitting
645  oneself at a cost to the other).

646

647  Upon presentation of the proposal, participants had up to four seconds to indicate their choice
648  using a 4-point scale (Strong No, No, Yes, Strong Yes), allowing us to simultaneously measure
649  both their decision and strength of preference at the time of choice. The direction of increasing
650  preference (right-to-left or left-to-right) varied for each round of the task in Study 1, and across
651  participants in Study 2. If the subject did not respond within four seconds, both individuals
652  received $0 for that trial.

653
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654  To increase the anonymity of choices, the participant’s choice was implemented probabilistically:
655  in 60% of trials he received his chosen option, while in 40% of trials his choice was reversed and
656  he received the alternative, non-chosen option. This reversal meant that while it was always in the
657  participant’s best interest to choose according to her true preferences, her partner could never be
658  sure about the actual choice made. Probabilistic implementation does not strongly influence the
659  choices participants make??23, but permits more plausible anonymity, increasing the self-control
660 challenge involved in choosing generously. The participants were informed that the passive
661  partners were aware of the probabilistic implementation, and the outcome was revealed on every
662 trial 2-4 seconds following the response.

663

664  Study 1 included 180 trials total, with no specific instructions for how to respond. Study 2 included
665 270 trials, 90 each in three instructed focus conditions. See the Manipulating Normative Goals
666  (Studies 2 & 3) section below for details on these instructions.

667

668  Dietary Choice Task (Study 3). We examined self-control dilemmas in a second context pitting
669  hedonism against healthy eating using a Dietary Choice Task for Study 3. Prior to the task,
670  participants rated a set of 200 different foods for their healthiness and tastiness. These ratings were
671 used to 1) select a pool of 90 foods that covered a range of health and taste ratings and 2) select a
672  neutral reference food rated as neutral on both health and taste.

673

674  On each of 270 trials in the scanner, participants saw one of the 90 different pre-selected foods
675  (Figure 3c), and had to decide whether they would prefer to eat the displayed food or the reference

676  food. As in the altruistic choice task, participants had up to four seconds to indicate their choice
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677  using a 4-point scale (Strong No, No, Yes, Strong Yes). If the subject did not respond within four
678  seconds, one of the foods was selected randomly. To match the instructed attention manipulation
679  used in the Altruistic Choice Task, participants completed 90 trials each in one of three instructed
680  focus conditions. See the Manipulating Normative Goals (Studies 2 & 3) section below for details.
681

682  To match the probabilistic outcome used in the altruistic choice task, the participant’s choice was
683  also implemented probabilistically in the Food Choice Task. In 60% of trials he received his chosen
684  option, while in 40% of trials his choice was reversed and he received the alternative, non-chosen
685  option. To reduce the length of the task, participants did not see this outcome on every trial. Instead,
686 three trials were selected randomly at the end of each scan, and participants viewed their choice as
687  well as the probabilistic outcome on that trial.

688

689  Manipulating Normative Goals (Studies 2 & 3)

690  Our computational model simulations suggested that the extent to which normative choices are
691  associated with greater neural response depends to a large extent on the priority or weight given
692  to normative vs. hedonic attributes. We thus capitalized on the design of Studies 2 and 3, which
693 manipulated attention to different attributes (and corresponding weights), allowing us to test
694  specific predictions of the anDDM.

695

696  Generosity Manipulation (Study 2). To manipulate attention to different attributes, during the
697  Altruistic Choice Task in Study 2, participants completed trials in one of three different instructed
698  focus conditions: Respond Naturally, Focus on Ethics, and Focus on Partner. During Natural trials,

699  participants were told to allow whatever feelings and thoughts came most naturally to mind, and
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700 to just choose according to their preferences on that trial. During Ethics trials, participants were
701  asked to focus on doing the right thing during their choices. They were encouraged to think about
702  the justice of their choice, as well as its ethical or moral implications, and to try to bring their
703  actions in line with these considerations. During Partner trials, participants were asked to focus
704  on their partner’s feelings during their choices. They were encouraged to think about how the other
705  person would be affected, as well as whether they would be happy with the choice, and to bring
706  their actions in line with these considerations.

707

708  Each participant completed 90 trials per condition, presented in randomly interleaved blocks of
709  tentrials. A detailed set of instructions informing participants of their task for the upcoming block
710  of trials was presented for 4 seconds prior to the block, and participants were asked to focus on the
711  specific instruction for all trials within that block.

712

713  Healthiness Manipulation (Study 3). Analogous to the Altruistic Choice Task in Study 2, we
714  manipulated healthy eating in Study 3 using an instructed focus manipulation. Each participant
715  completed 270 choice trials, 90 each in one of three attentional conditions: Natural Focus, Taste
716  Focus, or Health Focus. During Natural trials, participants were told to allow whatever feelings
717  and thoughts came most naturally to mind, and to just choose according to their preferences on
718 that trial. During Taste trials, participants were asked to focus on how tasty each food was, and to
719  try to bring their actions in line with this consideration. During Health trials, participants were
720  asked to focus on the health implications of their choice. As in the Altruistic Choice Task,
721  attentional instructions were given prior to each block of 10 trials, and participants were asked to

722  focus on the specific instruction given for all trials within a block. However, participants knew
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723  that they would receive the outcome of one of their choices, and were told that they should choose
724  according to their preferences regardless of the instruction, thus encouraging participants to choose
725  inaway that reflected their current decision value for the item.

726

727  Defining Normative Choice

728  Behavioral definition of generosity. All choices involved a tradeoff between maximizing outcomes
729  for the self or for the other. We therefore label specific decisions as normative (i.e., generous) if
730  the participant accepted a proposal when $Self < $Other, or rejected one when $Self > $Other.
731  Choices were labeled as hedonistic (i.e., selfish) otherwise.

732

733  Behavioral definition of healthy choice. In the Dietary Choice Task, we separately examined trials
734  requiring a tradeoff between taste and health (i.e. conflict trials where a food was rated either as
735 healthy but not tasty, or as unhealthy but tasty) as well as trials with no tradeoff (i.e., no-conflict
736 trials where a food was both tasty and healthy, or both unhealthy and not tasty). In both cases, we
737 label specific decisions as normative (i.e., healthy) if the participant either accepted a healthy food,
738  or rejected an unhealthy food. All other choices were labeled as hedonistic (i.e., unhealthy).

739

740

741  Computational Model Fitting

742  We used a Bayesian model-fitting approach to identify best-fitting model parameters of the
743  anDDM (i.e. attribute weight parameters, threshold B, non-decision time ndt, auto-excitation
744  parameter y and lateral inhibition parameter {) to account for choices and RTs, separately for each

745  participant in each study and (in Studies 2 and 3) each condition. More specifically, we obtained
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746  estimates of the posterior distribution of each parameter using the Differentially-Evolving Monte-
747  Carlo Markov Chain (DEMCMC) sampling method and MATLAB® code developed by 3¢. This
748  method uses the anDDM described above (Computational Model Simulations) to simulate the
749  likelihood of the observed data (i.e. choices and RTs) given a specific combination of parameters,
750 and then uses this likelihood to construct a Bayesian estimate of the posterior distribution of the
751  likelihood of the parameters given the data.

752

753  For each individual fit, we used 3 x N chains, where N is the number of free parameters (7 in
754  Studies 1 and 2, 6 in Study 3), using uninformative priors and constraining parameter values as
755  shown in Supplementary Table S1 based on previous work?>?® and theoretical bounds. To
756  construct the estimated posterior distributions of each parameter, we sampled 1500 iterations per
757  chain after an initial burn-in period of 500 samples. Best-fitting values of each parameter were
758  computed as the mean over the posterior distribution for that parameter. These parameter values
759  (see Supplementary Table S1) were used to simulate trial-by-trial activation across the two
760  neuronal pools for use in the GLMs described below. Importantly, parameter values identified by
761  this fitting procedure suggested that the model provided a good fit to behavior across all three
762  studies (Supplementary Figure 2).

763

764  Neuroimaging Analyses

765

766  GLM 1la: Correlates of the anDDM (Study 1). We used GLM 1a to identify brain regions where
767  activation varied parametrically according to the predictions of the anDDM in Study 1 (Altruistic

768  Choice Task). To this end, we determined that the best BOLD approximation of the anDDM was
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769  a parametric modulator with a value consisting of the sum total of the simulated response across
770  both pools of neurons, averaged over all simulations terminating in the observed choice on that

771  trial within £250ms of the observed RT, and modulating a boxcar function with onset at the

772  beginning of the choice period and having a duration of the RT on that trial (see Supplemental
773  Methods for further detail on selecting the best regressor). To simulate expected anDDM activation
774  on each trial, we generated 5000 simulations using the best-fitting parameters for each participant
775  and the estimated value of the proposal and default on each trial (i.e., wseir*$Self + wother*$Other
776  + Wraimess*|$Self - $Other]).

777

778  Then, for each subject we estimated a GLM with AR(1) and the following regressors of interest:
779  RI1) A boxcar function for the choice period on all trials (duration = RT on that trial). R2) R1
780  modulated by the subject’s stated preference on that trial (1 = Strong No, 4 = Strong Yes). R3) R1
781  modulated by the estimated activation of the anDDM on that trial. R4) A boxcar function of 3
782  seconds specifying the outcome period on each trial. R5) R4 modulated by the outcome for the
783  self on each trial. R6) R4 modulated by the outcome for the partner on each trial. R7) A boxcar
784  function (duration = 4 seconds) specifying missed trials. Parametric modulators were
785  orthogonalized to each other in SPM. Regressors of non-interest included six motion regressors as
786  well as session constants.

787

788  We then computed subject-level contrasts of the anDDM parametric modulator (R3) against an
789  implicit baseline. Finally, to test the hypothesis that anDDM responses might correlate with
790 activation in the dIPFC, we subjected this contrast to a one-sample t-test against zero, thresholded

791 atavoxel-wise P<.001, and a cluster-defining threshold of P < .05, small-volume corrected within
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792  a 10-mm spherical region of interest (ROI) centered on the peak coordinates of activity for the
793  contrast of normative (healthy) vs. hedonistic (unhealthy) choice in a previous study of self-control
794  in dieters'. In addition to this ROI-analysis, we performed supplemental analyses at the whole-
795  brain level at a voxel-level threshold of P <.001 uncorrected and a whole-brain cluster-corrected
796  level of P <.05.

797

798  GLM 1b: Correlates of the anDDM (Study 2). GLM1b was similar to GLM1a, with the exception
799  that we estimated regressors for each condition separately. R1, R4, and R7 were boxcar functions
800  representing the choice period for the Natural, Ethics, and Partner conditions, respectively. R2,
801 RS, and R9 modulated R1, R4 and R7 with the decision value on that trial. R3, R6, and R9
802  modulated R1, R4, and R7 using the estimated activation of the anDDM on that trial. A single
803  contrast representing neural correlates of the anDDM was constructed by combining R3, R6 and
804 RO at the subject-level and performing a one-sample t-test against zero, thresholded at a voxel-
805 wise P < .001 and a small-volume cluster-corrected level of P < .05 within the dIPFC ROI
806  described above.

807

808 GLMIc: Correlates of the anDDM (Study 3). GLMI1c was similar to GLM1b, but applied to the
809  Food Choice Task. R1, R4, and R7 were boxcar functions representing Natural, Taste, and Health
810  focus conditions. R2, R5, and R8 were parametric modulators representing the decision value on
811 that trial, and R3, R6, and R9 were modulators consisting of anDDM activity simulated using
812  healthiness and tastiness ratings as attributes. Similar to Studies 1 and 2, correlates of the anDDM
813  were identified in this study thresholded at a voxel-wise P < .001 and a small-volume cluster-

814  corrected level of P < .05 within the dIPFC ROI described above.
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815

816  Data-driven ROI definition. Based on GLMs 1la, b and c, we identified a region of the left dIPFC
817  consistently associated with the anDDM across all three studies through a three-way conjunction
818  analysis using the imcalc function in SPM12, with each individual study map thresholded at P
819  <.05, small-volume corrected, and a minimum overlap of > 5 contiguous voxels. Outside of this
820  ROI, we also identified regions significant across all three studies at P < .05, whole-brain corrected.
821  This identified just three regions, located in the left dIPFC, left IFG, and dACC (Figure 4 and
822  Supplemental Figures S3 and S4). We then interrogated activation within these regions specifically
823  for the contrast of normative vs. hedonistic choice, using GLMs 2a, b and c, as specified below.
824

825  GLM 2a: Generous vs. Selfish decisions in Altruistic Choice (Study 1). We used GLM 2a to test
826  predictions about activation on trials in which subjects chose generously or selfishly. The analysis
827  was carried out in three steps.

828

829  First, for each subject we estimated a GLM with AR(1) and the following regressors of interest:
830 R1) A boxcar function for the choice period on trials when the subject chose selfishly. R2) R1
831 modulated by the value of 4-point preference response (i.e., Strong No to Strong Yes) at the time
832  ofchoice. R3) A boxcar function for the choice period on trials when the subject chose generously.
833 R4) R3 modulated by behavioral preference. Regressors of non-interest included six motion
834  regressors as well as session constants.

835

836  Second, we computed the subject-level contrast image [R3 — R1], which identified regions with

837  differential response for generous compared to selfish choices. Seven subjects were excluded from
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838  this analysis for having fewer than 4 generous choices over the 180 trials. We computed the
839  average value of this contrast within the three anDDM ROlIs specified above. As a supplementary
840 analysis, we also asked whether any voxels beyond these regions demonstrated a significant effect,
841  using a whole-brain analysis thresholded at P <.001, uncorrected (see Supplementary Table S3).
842

843  GLM 2b: Generous vs. Selfish decisions in Altruistic Choice (Study 2). We used GLM 2b to test
844  predictions about activation on trials in which the subject chose generously or selfishly in Study 2,
845  and to compare how instructed attention altered these responses. All unreported details are as in
846  GLMla. Regressors of interest consisted of the following: R1) A boxcar function for the choice
847  period on trials when the subject chose selfishly in Natural Focus trials. R2) R1 modulated by the
848  value of 4-point preference response (i.e., Strong No to Strong Yes) expressed at the time of choice.
849  R3) A boxcar function for the choice period on trials when the subject chose generously in Natural
850  Focus trials. R4) R3 modulated by behavioral preference. R5-R8) Analogous regressors for
851  generous and selfish choices during Ethics Focus trials. R9-12) Analogous regressors for generous
852  and selfish choices during Partner Focus trials. R13-15) A boxcar function of 3 sec duration
853  signaling the outcome period for Natural, Ethics, or Partner Focus trials. R16-18) R13-15
854  modulated by the amount received by the subject at outcome. R19-21) R13-15 modulated by the
855  amount received by the partner at outcome.

856

857  We then computed the subject-level contrast images [R3 — R1], [R7 —R5], and [R11 — R9], which
858 identified regions with differential response for generous compared to selfish choices in each
859  condition. We computed the average value of each of these contrasts within the three anDDM

860  ROIs specified above. As a supplementary analysis, we also asked whether any voxels beyond
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861 these regions demonstrated a significant effect in any condition, using a whole-brain analysis
862  thresholded at P <.001, uncorrected (see Supplementary Table S3).

863

864  GLM 2c: Healthy vs. Unhealthy decisions in the Food Choice Task (Study 3). GLM 2c was
865  analogous to GLM 2b, but examined healthy vs. unhealthy choices in the Dietary Choice Task,
866  separately for conflicted trials (i.e. healthy but not tasty foods and tasty but unhealthy foods) and
867  for unconflicted trials (i.e. healthy and tasty foods or unhealthy and not tasty foods). It included
868  the following regressors of interest: R1) A boxcar function for the choice period on conflicted
869 trials when the subject made a healthy choice (i.e., accepted a healthy-but-not-tasty or rejected a
870  tasty-but-unhealthy food) in Natural Focus trials. R2) R1 modulated by the value of behaviorally
871  expressed preference at the time of choice. R3) A boxcar function for the choice period on
872  conflicted trials when the subject made an unhealthy choice in Natural trials. R4) R3 modulated
873 by behavioral preference. R5-8) Analogous regressors for healthy and unhealthy choices during
874  conflicted Taste Focus trials. R9-12) Analogous regressors for healthy and unhealthy choices
875  during Health Focus trials. R13) Healthy choices on unconflicted Natural Focus trials. R14)
876  Unhealthy choices on unconflicted Natural Focus trials. R15-16) R13 and R14 modulated by
877  preference. R17-R20) Analogous regressors for healthy and unhealthy choice on unconflicted
878  trials in the Health Focus trials. R21-R24) Analogous regressors for healthy and unhealthy choice
879  on unconflicted trials in the Taste Focus trials. Subject-level contrast images of healthy vs.
880  unhealthy choices, in each condition separately and separately for conflicted vs. unconflicted trials,
881  were computed in a manner identical to GLM2b. We analyzed activation for these contrasts

882  specifically within the three ROIs identified as anDDM regions. As a supplementary analysis, we
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883  also report results at the whole-brain level at P <.001, uncorrected, in Table S3. Unreported details
884  are as in GLM 2a.

885

886

887 Data Availability. Behavioral data and all analysis code are available on the Open Science
888  Framework at [link released after acceptance for publication]. Neuroimaging data are available
889  upon request to the authors.

890

891
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991 Supplementary Materials

992

993  Supplementary Methods

994  Choosing the appropriate fMRI regressor for the anDDM model (GLMs 1a, b and c)

995  The attribute-based neural drift diffusion model (anDDM) produces a dynamic accumulation

996  signal that builds over hundreds of milliseconds. This raises a question about the appropriate way

997  to model this signal in the hemodynamic response, which evolves more slowly over 5-10

998  seconds. To determine the appropriate regressor for GLMs 1a, b, and ¢, we simulated 5000

999 instantiations of the anDDM for every subject and trial in Study 2, using a time step of 5 ms. For
1000 each subject, we then averaged the 5000 simulations at each time point to produce a single time
1001  course of total activity across the two neuronal pools for a given set of trials. We convolved this
1002  simulated time course with the canonical form of the hemodynamic response function (HRF) to
1003  construct an expected BOLD time series given the inputs. We refer to this as the ideal BOLD.
1004  We then compared the shape of the ideal BOLD to two different possible instantiations within a
1005 traditional GLM analysis in SPM. Version 1 consisted of a parametric modulator of a stick
1006  function placed at the onset of the trial, consisting of the sum total activity in the anDDM for
1007  each trial, YRT, FR,(t) + FR,(t). Version 2 consisted of a parametric modulator identical to
1008  Version 1, but modulating a boxcar function placed at the onset of the trial with duration equal to
1009  RT for that trial. Each of these regressors was convolved with the canonical form of the HRF and
1010  correlated with the ideal time series to determine the one providing the closest match.
1011  Results suggested that version 2 provided a closer match (Pearson’s r ranging from .90-.99,
1012  average = .96) compared to version 1 (Pearson’s r ranging from .62-.94, average = .82). Note

1013  also that the inclusion of the unmodulated boxcar function with duration equal to the RT on each
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1014 trial controls for non-specific activation related to response times that does not build over time in
1015  the manner expected based on the anDDM.

1016

1017  Supplementary Results

1018  Inthe main paper, we focus on the effects of normative vs. hedonistic choice within the dIPFC
1019  ROI defined by the conjunction of anDDM-correlated trial-by-trial activity across all three

1020  studies. However, in addition to this dIPFC ROI, we identified two other regions, in the dorsal
1021  anterior cingulate cortex (dACC, see Figure S3) and left inferior frontal gyrus (IFG)/anterior
1022 insula (IFG/alns, see Figure S4) whose activity correlated with the anDDM across all three

1023  studies (P <.001, whole brain corrected within each study). Here, we report analogous results on
1024  measures of BOLD response in these regions during normative vs. hedonistic choice, for the sake
1025  of completeness. These results suggest that our results are a general principle of areas correlating
1026  with anDDM response.

1027  dACC response during normative vs. hedonistic choices in Studies 1, 2, and 3

1028  We began by examining whether activity in the dACC correlated with the contrast of normative
1029  (generous) vs. hedonistic (selfish) choices in Study 1. As expected, and similar to the dIPFC, this
1030 region showed a significantly greater response during generous compared to selfish choices
1031  (paired ta3 = 3.4825, P = .001, Figure S3d). Similarly, in Study 2, we observed a significant
1032  effect of normative goals on the difference in response between normative and hedonistic

1033  choices (F2,9 = 13.67, P = 5.97 x 10). Follow-up t-tests confirmed that this was driven by a
1034  stronger response in the dACC to normative (generous) choices in Natural trials (paired-tas =
1035  3.53, P =.0009) as well as significantly stronger response to hedonistic choices (paired-tss =

1036  2.41, P =.02) during Partner-focused trials. Finally, we replicated a similar pattern of effects in
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1037  Study 3, showing a significant influence of normative (i.e., health-focused) goals on the contrast
1038  of normative vs. hedonistic choices (Fz9 = 3.64, P = .03), which was driven by a stronger

1039  response on normative (healthy) choices in the Natural and Taste conditions, and a marginally
1040  stronger response on hedonistic (i.e., unhealthy) choices during Health Focus trials (paired-ts3 =
1041  1.96, P = .058).

1042

1043  IFG/alns response during normative vs. hedonistic choices in Studies 1, 2, and 3

1044  Asexpected if IFG/alns response correlates with the anDDM, we observed similar patterns of
1045  responding on normative vs. hedonistic choices across all three studies within this region.

1046  IFG/alns showed a significantly greater response during generous compared to selfish choices
1047  (paired tsz = 3.22, P =.002, Figure S4d). Similarly, in Study 2, we observed a significant effect
1048  of normative goals on the difference in response between normative and hedonistic choices (F2,96
1049 =17..66, P =2.93 x 10”7, Figure S4e). Follow-up t-tests confirmed that this was driven by a
1050  stronger response in the dACC to normative (generous) choices in Natural trials (paired-tas =
1051  5.06, P = 6.57x 10°) as well as significantly stronger response to hedonistic (i.e., selfish) choices
1052  (paired-ts2 = 2.66, P = .01) during Partner-focused trials. Finally, we replicated a similar though
1053  non-significant pattern of the effects of normative goals in Study 3 (F2,96 = .75, P = .39, Figure
1054  S4f). However, planned post-hoc comparisons confirmed that activation in the left IFG/alns was
1055  stronger on normative (healthy) choices in the Natural condition (paired-ts3 = 2.65, P = .01),
1056  while activation for this same condition was non-significantly reversed on Health Focus trials (P
1057  =.66). The direct comparison of normative vs. hedonistic choices during Natural vs. Health
1058  Focus was also significant (paired-tss = 2.18, P = .04).

1059
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Supplementary Figures
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Figure S1. Computational simulations of response time (RT). (a) Similar to neural response,

model simulations suggest that response times when making normative (i.e., healthy, H) choices
instead of hedonistic (i.e. unhealthy, UH) ones (i.e., RTn — RTun) depends on relative healthiness
and tastiness for goal contexts that prioritize both (b) hedonism and (c) normative goals. Warmer
colors indicate longer RTs for healthy choices, indicated by larger differences in RTH — RTun. (d)
Average differences in RT for health compared to unhealthy choices (averaging over different
options with different attribute values) are displayed for contexts in which health or taste are
prioritized, divided as a function of whether relative healthiness and tastiness conflict (i.e., take
opposite signs) or do not (no conflict trials). In no conflict trials, on average, healthy choices are
easy regardless of whether taste is prioritized (black bars) or health is prioritized (gray bars),
indicated by comparatively faster RTuthan RTun. In conflict trials, however, on average, healthy
choices are difficult only in when taste is prioritized (when Wraste > WHealth), reflected in relatively

longer RTHthan RTu.
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Figure S2. Model fits to behavior. (a) Choices and RTs for observed behavior (colored bars) and

model simulations (blue dots) for different choice types in Study 1. (b) Observed and model-

simulated choices and RTs in Study 2, separately by regulatory condition. (c) Observed and model-

simulated choices and RTs in Study 3, separately by regulatory condition. Error bars show standard

error of the mean.
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Figure S3. BOLD responses in the anterior cingulate cortex during self-control dilemmas. Top:
Trial-by-trial BOLD response in the dACC correlates with predicted activity of the anDDM across
three separate studies, including during both altruistic choice (a, b) and during dietary choice (c).
All maps thresholded at P < .001 uncorrected for display purposes. Bottom: Within the dACC ROI
defined by the three-way conjunction of anDDM response across all studies, BOLD response
during normative choice (black) vs. hedonistic choice (light gray) when attributes conflict, in d)
Study 1 for all trials, as well as in €) Study 2 and f) Study 3 as a function of regulatory goals. As
predicted, normative choices activate the dACC, but only when goals result in a greater weight on
hedonistic than normative attributes. + P < .05, one-tailed; * P <.05; ** P < .01.
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1096
1097  Figure S4. BOLD responses in the inferior frontal gyrus (IFG)/anterior insular cortex during self-

1098  control dilemmas. Top: Trial-by-trial BOLD response in the IFG/insula correlates with predicted
1099 activity of the anDDM across three separate studies, including during both altruistic choice (a, b)
1100 and during dietary choice (c). All maps thresholded at P < .001 uncorrected for display purposes.
1101  Bottom: Within the IFG/insula ROI defined by the three-way conjunction of anDDM response
1102  across all studies, BOLD response during normative choice (black) vs. hedonistic choice (light
1103  gray) when attributes conflict, in d) Study 1 for all trials, as well as in e) Study 2 and f) Study 3 as
1104  a function of regulatory goals. As predicted, normative choices activate the IFG/insulas, but only
1105  when goals result in a greater weight on hedonistic than normative attributes. + P < .05, one-tailed;
1106 *P <.05; ** P < .01.

1107
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Table S1. Estimated Model Parameters

A priori Study 2, Study 2, Study 3, Study 3,
Parameter constraints | Study 1 Natural Study 2, Ethics  Partner Natural Study 3, Taste  Health
Wiself -5t +5 | 0036+.0011 |.0073+.0035° .0061+.0047°  .0037+.0065" | - - -
Worther -5t0+5 | 0008+.0015 | .001+.0038° .0041+.0045"  .0051+.0038" | - - -
Weairess -5t0+5 | 0008+.001 |.0017+.0033* .0053+.0046°  .0024+.0035* | - - -
Wraste -ot0+5 |- - - - .0074+.0027¢  .0077+.0029*  .002+.0028"
Whealth -5to+5 |- - - - -0002+.0018* -.0008+.0018*  .0055+.0034"
B 0to+1.0 | 3181+.1425 | .2773+.1373"  .3628+.1453°  .4062+.1586° | .1691+.0501° .1821+.0616*°  .2009+.0819°
ndt 0t0+2.0s | 8002+.215 | .5989+.2219*  .4835+.1448°  .4859+.1322° | 5442+.1321°  .5397+.1361°  .5399+.1589°
{ 0to+2.0 | 583+.3034 | .5531+.3086% .7469+.2814°  .7592+.2806° | .4102+.0768°  .4093+.0865°  .3958+.0848"
Y +1.010+3.0 | 1.8979+.3575 | 2.0148+.3881% 2.2043+.3744%® 22052+ 3467° | 1.6435+.1279° 1.654+.1578°  1.6802+.1455

Note. Parameter values were estimated using a Differential-Evolution Markov Chain Monte Carlo method developed by Holmes and
Trueblood!. Parameters beginning with w indicate weighting parameters applied to different attributes (Studies 1 and 2: proposed
payoff to self vs. the default, proposed payoff to other vs. the default, and fairness [|$Self - $Other|]; Study 3: tastiness and healthiness
vs. the default). B: choice-defining threshold. ndt: non-decision time. ¢: lateral inhibition parameter from one neuronal pool onto the
other. y: auto-excitation parameter from a neuronal pool onto itself. A priori constraints on the parameters, determined based on
previous work and on theoretical limits, restricted them to the range indicated. In Studies 2 and 3, columns indicated by different

subscripts differ significantly from each other at P < .05, corrected for multiple comparisons.
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Running head: DLPFC AND NORMATIVE CHOICE

Table S2. Neural correlates of the attribute-based neural drift diffusion model across
studies
Cluster
Region BA Size Z score X y z
Study 1 (GLM 1a)

L Dorsal Anterior Cingulate 6/8/32 235 4.89 -6 27 42
L Inferior Frontal Gyrus 47 271 5.01 -33 27 -6
R Inferior Frontal Gyrus 47 175 4.87 39 27 -6
L Dorsolateral Prefrontal Cortex 45/46 60 4.32 -57 21 24
L Supplementary Motor Area 6/8 142 4.23 -21 12 57
R Inferior Parietal Lobule 40 319 5.76 54 -66 36
L Inferior Parietal Lobule 40 281 5.51 -48 -78 33

Study 2 (GLM 1b)

R Dorsal Anterior Cingulate 6/8/9/32 936 5.27 -3 35 46
L Inferior Frontal Gyrus 45147 373 4.82 -45 32 -8
R Inferior Frontal Gyrus 47 268 5.06 39 23 -11
L Dorsolateral Prefrontal Cortex 45 71 3.6 -57 20 22
L Middle Frontal Gyrus 6/8 293 4.52 -24 20 52
L Posterior Cingulate Cortex 31 100 5.12 -6 -40 34
L Middle Temporal Gyrus 21 38 4.07 -60 -31 -8
L Inferior Parietal Cortex 39 285 5.57 -39 -70 40
R Occipital Cortex 120 4.9 42 -73 34

Study 3 (GLM 1c)

R Dorsal Anterior Cingulate 6/8/9/32 472 5.28 9 23 40
R Dorsolateral Prefrontal Cortex 684 5.21 54 23 19
Inferior Frontal Gyrus * 411 33 17 -11
L Dorsolateral Prefrontal Cortex 671 5.23 -51 20 19
Inferior Frontal Gyrus 47 * 4.43 -33 26 -5

Note. Regions are reported at a voxel-level of P <.001, uncorrected and a whole-brain cluster
corrected level of P < .05, unless otherwise noted. * Distinct peak within larger cluster. T
Significant at P < .05, small-volume corrected within a 10-mm spherical region of interest
centered on the left dIPFC.
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DLPFC AND NORMATIVE CHOICE

Table S3. Differences in neural response for virtuous vs. hedonistic choices
Cluster
Region BA Size Z score X y y

Study 1, Generous vs. Selfish (GLM2a)

anDDM Regions

L Dorsomedial Prefrontal Cortex 9/32 86 4.03 -3 33 36
R Dorsolateral Prefrontal Cortex 44/45 24 3.87 54 12 21
L Dorsolateral Prefrontal Cortex 45/46 18* 3.06 -45 12 18
R Inferior Frontal Gyrus 47 23 412 30 21 -12
L Inferior Frontal Gyrus 47 13 3.73 -42 39 -3
L Inferior Parietal Lobule 40 14 3.56 -60 -54 39

Other Regions
No regions significant

Study 2, Generous vs. Selfish, Natural Focus trials only (GLM2b)
anDDM Regions

L Dorsomedial Prefrontal Cortex 9/32/24 2225 5.21 -3 11 67
Dorsomedial Prefrontal Cortex ** 4.79 -9 38 37
Dorsolateral Prefrontal Cortex **x 3.85 -42 14 31

R Dorsolateral Prefrontal Cortex 46 38 3.68 57 23 25

L Inferior Frontal Gyrus 47 381 521 -42 20 -8

R Inferior Frontal Gyrus 47 10 3.47 33 17 -11

R Inferior Parietal Lobule 40 20 3.66 48 -37 46

L Inferior Parietal Lobule 40 180 4.42 -39 -67 46

L Inferior Parietal Lobule 40 18 3.59 -57 -37 46

Other Regions

L Mid-Cingulate Cortex 24 30 4.33 -3 -4 31
R Posterior Cingulate Cortex 31 54 3.79 12 -40 31
R Inferior Parietal Lobule 40 32 3.76 48 -58 46
L Lingual Gyrus 18 37 3.64 -9 -73 1
R Cerebellum 21 3.57 0 -52 -23
L Frontal Pole 10 11 3.38 -9 62 13

Study 2, Generous vs. Selfish, Ethics Focus trials only (GLM2b)
No regions significant

Study 2, Generous vs. Selfish, Partner Focus trials only (GLM2b)
anDDM Regions
L Dorsomedial Prefrontal Cortex 24 54 -3.64 -3 41 22
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DLPFC AND NORMATIVE CHOICE

R Dorsolateral Prefrontal Cortex 46 16* -3.81 57 29 22
R Inferior Frontal Gyrus 47 47* -3.36 36 23 -2
Other Regions
No regions significant
Study 3, Healthy vs. Unhealthy, Natural Focus conflict trials only (GLM2c)
anDDM Regions
L Dorsomedial Prefrontal Cortex 9 23* 3.82 -12 29 37
L Dorsolateral Prefrontal Cortex 46 7* 3.02 -48 26 16
L Inferior Frontal Gyrus 47 21* 3.09 -27 20 -11
R Inferior Frontal Gyrus 47 14 3.99 30 20 -8
Other Regions
R Frontal Pole 38 419 9 62 4
R Orbitofrontal Cortex 16 3.6 39 41 -5
Study 3, Healthy vs. Unhealthy, Taste Focus conflict trials only (GLM2c)
anDDM Regions
R Dorsomedial Prefrontal Cortex 9 8* 3.02 6 23 46

Other Regions
No regions significant

Study 3, Healthy vs. Unhealthy, Health Focus conflict trials only (GLM2c)

No regions significant

Note. Regions are reported at a voxel-level threshold of P <.001, uncorrected, and a minimum
volume of k = 10 voxels, unless otherwise noted. * Significant at P < .005, uncorrected, reported
for completeness. anDDM regions are defined by their correspondence with predictions of the
attribute-based neural drift diffusion model (anDDM, see Table S2).
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