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Introduction
Ghrelin, a 28–amino acid hormone produced by endocrine cells of 
the stomach transmits a hunger signal to the brain that depends on 
distension of the stomach and relays information about nutrient 
availability. Actions of ghrelin are mediated by the ghrelin recep-
tor (also referred to as the growth hormone secretagogue receptor 
[GHSR]), which is highly expressed in the hypothalamus, but also 
in extrahypothalamic brain areas (1). GHSR activation by ghrelin 

stimulates appetite by activating orexigenic and inhibiting anorec-
tic neurons of the hypothalamus, and promotes growth hormone 
(GH) release from the pituitary.

Neurocircuitry mediating appetite regulation may also be a 
shared substrate of eating disorders and addiction (2). Accord-
ingly, both animal and human studies indicate that ghrelin pro-
motes motivation to seek alcohol (3) and may be involved in 
reward from other drugs (4). These findings may be related to 
GHSR expression in the ventral tegmental area (VTA), the ori-
gin of mesolimbic dopamine (DA) projections broadly involved 
in motivated behavior (5). It is, however, presently unknown 
whether ghrelin influences outcome valuation beyond food 
and addictive substances. Value-based decision making in 
humans has primarily been studied in the financial domain, but 
must rely on systems that precede monetary reward in evolu-
tionary history (6). This suggests that appetite signals such as 
ghrelin may broadly influence decision making. Supporting this 
notion, a landmark study of judicial decision making found that 

BACKGROUND. The stomach-derived hormone ghrelin stimulates appetite, but the ghrelin receptor is also expressed in brain 
circuits involved in motivation and reward. We examined ghrelin effects on decision making beyond food or drug reward using 
monetary rewards.
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RESULTS. Striatal representations of reward anticipation were unaffected by ghrelin, while activity during anticipation of losses 
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included the angular gyrus. Activity in an overlapping cluster was related to behavioral choices and was suppressed by ghrelin.
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canonical feeding domain or in relation to addictive substances. Contrary to our hypothesis, we found that ghrelin did not affect 
sensitivity to monetary reward anticipation, but rather resulted in attenuated loss aversion and lower discounting rates for 
these rewards. Ghrelin may cause a motivational shift toward caloric reward rather than globally promoting the value of reward.
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Results

Plasma ghrelin and endocrine response
In replication of prior findings (21), ghrelin infusions produced robust 
increases in circulating ghrelin (Figure 1B) and total ghrelin (Supple-
mental Figure 3). By using a standardized meal, we ensured that base-
line, preinfusion levels of ghrelin were low in all participants on both 
sessions. Neither these basal ghrelin levels, nor those measured at 
any subsequent time point over the course of the infusion correlated 
with BMI or age. Ghrelin levels achieved through the infusion were 
somewhat higher in men than in women (Figure 1B). However, as a 
biomarker of bioactivity, we replicated the expected increase of plas-
ma growth hormone (GH) after i.v. ghrelin and found it to be virtually 
identical in male and female participants, indicating equivalent bio-
activity (Figure 1C). Adverse events, recorded and graded according 
to regulatory standards, were few, mild, and in no case assessed as 
having a likely or a possible relationship to study medication (Supple-
mental Table 7). These events were mostly related to the MR-scan-
ning, and evenly distributed between ghrelin and placebo-sessions.

MID task
Reaction times. Reaction times in the task did not differ as a func-
tion of intervention (see Supplemental Results).

Outcome anticipation phase. Based on considerations presented 
in Methods, we carried out a single whole-brain Multi-Variate Mod-
eling (3dMVM) analysis of outcome value (including all magnitudes 
of reward and losses) versus neutral outcome anticipation. This 
identified a large striatal cluster (1,734 voxels) associated with out-
come anticipation (Figure 2A). A full list of brain regions significant-
ly activated during outcome anticipation is in Supplemental Table 
2. Activation locations for anticipation high reward > neutral and 
anticipation high loss > neutral are in Supplemental Tables 3 and 4.

the probability of a favorable ruling dropped just before a lunch 
break, and spiked back up after the meal (7). Although an alter-
native account of these findings has been proposed (8), a sim-
ilar pattern of discontinuity around lunch has been shown for 
clinical decision making by surgeons (9). Prior findings in rats 
have suggested that ghrelin promotes impulsive decision mak-
ing in pursuit of reward (10) and correlational data in humans 
have been consistent with this notion (11).

When administered i.v., ghrelin increases appetite in 
healthy volunteers (12) and promotes alcohol craving as well 
as self-administration in heavy drinkers (13, 14). It is unknown 
whether i.v. ghrelin influences decision making and its neu-
ral substrates beyond these domains. Here, we addressed this 
question using a double-blind, randomized placebo-controlled 
trial and an established infusion paradigm previously used 
to demonstrate the effects of ghrelin on appetite (12) (Sup-
plemental Figure 1; supplemental material available online 
with this article; https://doi.org/10.1172/JCI168260DS1). We 
assessed ghrelin effects on neural representations of imminent 
reward and losses using the most widely used task that probes 
reward-related processing, the monetary incentive delay (MID) 
task (15–17) (Supplemental Figure 2A). In this task, anticipat-
ing rewards and losses elicits neural activations in overlapping 
areas within the striatum that scale with outcome magnitude. 
Neural activations in the MID task are thought to reflect striatal 
DA-release (18, 19). We then assessed ghrelin’s effects on delay 
discounting of monetary reward using a published fMRI-adapt-
ed task (20) (Supplemental Figure 2B). Because both rat and 
human data have suggested a relationship between ghrelin and 
impulsivity in pursuit of rewards (10, 11), we hypothesized that 
ghrelin would potentiate striatal activations to reward anticipa-
tion and result in steeper delay discounting.

Figure 1. Procedures and manipulation 
checks. (A) Overview of study procedures. 
Red symbols represent blood draws. (B) 
Plasma levels of ghrelin (acyl-ghrelin) over 
the course of the 5 pmol/kg/min infusions. 
Levels achieved through the infusion were 
higher in male participants compared with 
female participants [Repeated measures 
ANOVA with sex as between-subject, and 
intervention and time as within-subject 
factors; n = 14 (men) or 13 (women). Main 
effect of sex: F(1,23)=5.17, P = 0.032; sex × 
intervention interaction: F(1,23)=5.14, P = 
0.033. (C) Plasma levels of growth hormone 
in response to the ghrelin challenge were, 
however, virtually identical in men and 
women. Values are mean ± SEM. 
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(4 women and 2 men) were excluded from final analysis; 4 due 
to erratic data (inconsistent to a degree that did not allow the dis-
counting constant to be estimated), and 2 because their estimated 
k values were more than 2 SD from the overall mean, and approx-
imately 10-fold higher than the group mean, both on placebo and 
ghrelin sessions.

In the final analysis (Figure 3), there was a main effect of inter-
vention (P = 0.002, ηp2 = 0.35), a main effect of sex (P = 0.014, 
ηp2 = 0.24), and a trend for an intervention × sex interaction (P 
= 0.09, ηp2 = 0.13). Post hoc Newman-Keuls tests indicated that, 
under the placebo condition, female participants had a steeper 
discounting (higher k value) than male participants (P = 0.01); and 
that the main effect of intervention was driven by female partici-
pants (ghrelin versus placebo: female participants P = 0.001; male 
participants P = 0.26).

fMRI results. Because the k value summarizes the rate of tem-
poral discounting for an individual, we searched for the neural 
substrates of this process by carrying out a whole-brain analysis in 
search of neural activity associated with k value. Both under place-
bo (Figure 4A) and ghrelin (Figure 4C) conditions, the main effect 
of k identified overlapping clusters in a region of left posterior pari-
etal cortex that included the angular gyrus (Figure 4, A and C; see 
Supplemental Figure 12 for a conjunction analysis demonstrating 
the overlap). A negative correlation between neural activations 
within these clusters and k value was significant under both con-
ditions, a result that remained when correlations were examined 
separately for men and women (placebo: R2 = 0.55, P = 0.00005, 
Figure 4B; ghrelin: R2 = 0.55, P = 0.00005, Figure 4D). The slopes 
of the correlation between k value and β-coefficients were signifi-
cantly different under placebo and ghrelin conditions (P < 0.05; 
see Figure 4), suggesting that ghrelin influenced neural processing 
associated with temporal discounting.

During loss anticipation (Figure 2B), activation within the stri-
atal cluster scaled with the magnitude of expected losses. There 
was also a main effect of intervention (P = 0.022, ηp2 = 0.18), and 
pairwise comparisons showed that brain responses to loss antici-
pation were attenuated by ghrelin (mean difference ± SEM: 0.018 
± 0.008, P = 0.022). During reward anticipation, activation within 
the striatal cluster also scaled with the magnitude of anticipated 
reward, but did so similarly under placebo and ghrelin conditions 
(Figure 2C). There was a main effect of anticipation (P < 0.001, ηp2 
= 0.58; for detailed statistics, see figure legend), confirming the 
parametric increase in reward activation; but no effect of inter-
vention (P = 0.426). Thus, ghrelin did not significantly alter neural 
activity in the striatum associated with anticipation of imminent 
reward, but attenuated activation during loss anticipation.

Feedback phase. Whole-brain 3dMVM analysis of the feedback 
phase showed a main effect of reward feedback, with a large stria-
tal cluster located in the left caudate nucleus compared with neutral 
feedback (± 0 SEK; 199 voxels; Supplemental Figure 9A). A full list of 
activations for feedback reward > neutral is in Supplemental Table 5. 
The whole-brain analysis also found a significant intervention × feed-
back interaction, with stronger activation of the posterior middle cin-
gulate cortex (MCC) in response to reward during ghrelin compared 
to placebo (24 voxels; Supplemental Figure 9B).

Additional effects. The main effects of ghrelin where observed 
outside the striatum during reward anticipation in the right calcar-
ine gyrus (Supplemental Figure 10) and during loss anticipation in 
the right calcarine gyrus and left postcentral gyrus (Supplemental 
Figure 11). These were not pursued further.

Delay discounting task
Behavioral results. Reaction times in the task did not differ as a 
function of intervention (see Supplemental Results). Six subjects 

Figure 2. Results in the monetary incentive delay task. (A) 
Activation map of striatal cluster (1,734 voxels, MNI –2, 0, 1) 
identified by whole-brain analysis for main effect (P < 0.001) 
of anticipation (high loss – low loss – neutral – low reward 
– high reward). (B and C) Bar charts depicting extracted β-co-
efficients from the cluster shown in A. For loss anticipation 
(B), a 2 × 3 ANOVA (ghrelin/placebo × neutral/low loss/high 
loss) showed a main effect of anticipation (F[2,54]=17.1, P < 
0.001, ηp2 =0.38), confirming that there was also a parametric 
increase in activity with loss magnitude. During loss anticipa-
tion, a main effect of Intervention was present (F[1,27]=5.88, 
P = 0.022, ηp2=0.18). For reward anticipation (C) a 2 × 3 ANOVA 
(intervention: placebo/ghrelin × anticipation: neutral/low 
reward/high reward) also found a main effect of anticipation 
(F[1,37]=36.9, P < 0.001, ηp2=0.58), confirming the parametric 
increase in reward-related activation. However, during reward 
anticipation, no effect of Intervention was found (P = 0.43). 
Bars are means + SEM; n = 28 / condition (placebo versus 
ghrelin). Colored panel represents F statistic. Asterisk denotes 
the main effect of intervention on loss anticipation; ns = 
nonsignificant effect of intervention on reward anticipation. 
Pairwise comparisons showed that brain responses to loss 
anticipation were attenuated by ghrelin (mean difference 
± SEM: –0.018 ± 0.008, P = 0.022). Sex had no main (nor inter-
action) effect on either outcome anticipation.
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cifically, we saw more deactivation for more-later versus less-now 
decisions in this region. This finding had considerable overlap 
with the left parietal region showing a main effect of k value across 
sessions in the full sample analysis. In contrast to the female par-
ticipants, and in agreement with the behavioral findings, no signif-
icant effects were found in male participants.

Discussion
We examined putative neural representations of imminent mon-
etary rewards and losses using an established probe, the MID task 
(15), and were able to robustly replicate meta-analytic findings of a 
large striatal region activated by both rewards and losses (17). Neu-
ral activations within this region scaled with the magnitude of antic-
ipated rewards as originally described (15), and were unaffected by 
ghrelin. Activations in this region also scaled with the magnitude of 
anticipated losses under placebo conditions, but these activations 
were significantly attenuated by ghrelin. We then examined the 
effects of ghrelin on delay discounting of monetary rewards and 
found that discounting was less steep under ghrelin infusion versus 
placebo, an effect driven by female participants. The fMRI analysis 
identified a region within left posterior parietal cortex where neural 
activation, irrespective of biological sex, was strongly and negative-
ly correlated with k, the parameter that summarizes discounting 
rates. This region included the angular gyrus, a multimodal hub 
involved i.a., in numerical processing and construction of temporal 
context (22–24). A separate analysis found that ghrelin attenuated 
neural activations in an overlapping posterior parietal region, both 
during choices that favored less-now over more-later outcomes, and 
during those that reflected the opposite preference. Like the behav-
ioral findings, this effect was driven by female participants. Overall, 
several control analyses indicated that effects of ghrelin seemed to 
be specific and unlikely to be driven by adverse effects, generally 
impaired performance, or impaired task engagement.

Our findings stand in contrast to our a priori hypotheses. 
Peripheral ghrelin has been proposed to promote appetite and 
increase the reward value of food in part by potentiating meso-
limbic DA signaling (25–28). It is widely thought that a key 
role of the DA system is to generate motivational signals that 
promote efforts to obtain reward (6). Mesolimbic DA signaling 
presumably evolved to promote motivation for fundamental 
rewards such as food, but in present-day humans, it appears 
to encode motivational signals that generalize beyond those 
basic physiological needs. For instance, DA signaling is criti-
cal for acute reinforcement from addictive drugs (29). Accord-

In a separate whole-brain analysis, we found significant main 
effects of both choice and intervention. The main effect of inter-
vention identified bilateral clusters in the posterior parietal lobe 
that in the left hemisphere overlapped with that identified in Figure 
4. Analysis of β-coefficients extracted from these clusters showed 
that, both for less-now and more-later choices, ghrelin produced a 
deactivation both in the left and the right hemisphere (P < 0.002 
or 0.001, respectively; for detailed statistical results, see Figure 5). 
The effect of choice also identified areas with increased activity 
during less-now versus more-later decisions in the left precuneus 
and bilateral calcarine gyri within primary visual cortex. We also 
saw this effect in dorsal anterior cingulate cortex (dACC) extend-
ing to medial prefrontal cortex (Supplemental Figure 13). In this 
cluster, reduced activity for both more-later and less-now decisions 
was observed during ghrelin versus placebo sessions. We also found 
a main effect of sex in a region of the left angular gyrus that over-
lapped with the findings seen separately in the k value, choice, and 
intervention analyses. In this region, women showed more deacti-
vation than men across levels of choice and intervention factors.

Because the behavioral effects of ghrelin on delay discount-
ing were driven by women, we also carried out analyses of choice 
and intervention effects stratified by sex, although these have to 
be considered exploratory, as they were not preplanned, and the 
study was not a priori powered to detect sex-dependent effects. 
The effects identified in the full sample were replicated in female 
participants. Importantly, an additional main effect of choice was 
observed in women in the same bilateral posterior parietal clus-
ter for which there was an effect of intervention in the full-sample 
analysis (Supplemental Table 6 and Supplemental Figure 14). Spe-

Figure 3. Behavioral results in the delay discounting task. n = 23 (12 men 
and 11 women). (A) Main graph: fitted hyperbolic discounting functions 
under placebo (blue) and ghrelin (red) conditions; Inset: mean ± SEM 
and individual discounting constant k under the respective condition. 
(B) discounting constant for women only; (C) discounting constant for 
men only. There was a main effect of intervention (F[1,22]=11.8, P = 
0.002, ηp2=0.35), a main effect of sex (F[1,22]=7.1, P = 0.014, ηp2=0.24), 
and a trend for an intervention × sex interaction (F[1,22]=3.2, P = 0.09, 
ηp2=0.13). Post-hoc Newman-Keuls tests indicated that, under the 
placebo condition, female participants had a steeper discounting (higher 
k value) than male participantss (P = 0.01); and that the main effect of 
treatment was driven by women (ghrelin versus placebo: female partici-
pants - P = 0.001; male participants – P = 0.26).
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effect mapped to an area in the posterior parietal cortex that on the 
left side overlapped with that independently identified by an anal-
ysis of k value associated activations, irrespective of intervention. 
An inverse correlation of neural activation in this area and delay 
discounting rates is consistent with previously reported findings 
(34, 35) and has been implied in cognitive control required to fore-
go immediate rewards in favor of those that are distant in time. 
This area includes the angular gyrus, a heteromodal region that 
displays marked lateralization (22).

Meta-analyses have linked angular gyrus activity, primarily 
in the left hemisphere, with number processing and conflict res-
olution, in particular in go/no-go–type tasks (22, 36). This role 
is consistent with a recently proposed conceptual framework, 
according to which the angular gyrus enables online dynamic 
buffering of representations that span multiple sensory domains 
and are extended in time (23). Decisions that involve intertem-
poral choices between monetary rewards — which, in turn, can 
represent multiple types of tangible rewards — clearly fit this 
conceptualization. Furthermore, lesions to the dominant parietal 
lobe that affect the angular gyrus result in Gerstmann syndrome, 
a key symptom of which is acalculia (37). Effects of ghrelin on the 
angular gyrus would presumably have to be indirect, since this 
area is not known to express GHSR (1). The effects of ghrelin to 
decrease rates of temporal discounting and attenuate loss sensi-
tivity in women might be related, since discounting of temporally 
distant rewards can be viewed as valuation of the risk that they 
will be lost (38). It can be speculated that decreased aversion to 
monetary losses and less steep discounting of monetary rewards 
in response to increased ghrelin levels reflects a shift in which a 
hunger signal provided by ghrelin causes the individual to prior-
itize food reward over other reward categories. Under conditions 

ingly, effects of ghrelin on DA signaling have been suggested 
to reflect shared biological mechanisms of obesity and addic-
tion (2), and ghrelin promotes motivation to obtain alcohol in 
both mice and humans (3, 5, 13, 14). Effects of ghrelin on food 
reinforcement are also significantly reduced after dopamine 
depletion in the VTA following local administration of the 
dopaminergic neurotoxin 6-hydroxydopamine (30).

Neural activations in the MID task as assessed with fMRI 
are highly correlated with, and likely reflect, striatal DA release 
(18, 19). Our hypothesis was therefore that striatal activations 
to reward anticipation in the MID task would be potentiated by 
ghrelin. This hypothesis was not supported. Instead, we found 
evidence that ghrelin reduces sensitivity to loss. This finding is 
consistent with a prior report in which endogenous ghrelin levels 
correlated with continued gambling despite losses (31). Reduced 
sensitivity to losses and punishment has been reported in popu-
lations with elevated impulsivity, such as people with addictive 
disorders (32) and could be a mechanism through which ghrelin 
promotes drug seeking and taking.

Effects of ghrelin on delay discounting were equally unexpect-
ed. Our simplistic a priori hypothesis was that increased motiva-
tion for food would generalize across reward categories and make 
people prioritize immediate rewards over those that are distant 
in time. Findings in rodents, obtained using food rewards, sup-
ported this notion (10). In contrast, using monetary rewards in 
humans, we found just the opposite, in line with correlational data 
from underweight patients with anorexia nervosa, in whom high 
desacyl-ghrelin concentrations correlated with an increased pref-
erence for delayed monetary rewards (33). Our delay discounting 
findings were consistent. First, both behavioral and neural effects 
of ghrelin were driven by effects in women. Second, the neural 

Figure 4. Whole-brain analysis of the relationship 
between behavior and neural activations in the 
delay discounting task. Under the respective condi-
tion, analysis used 2 data points/subject, obtained 
from less-now and more-later choices, respectively 
(n = 23; 12 men and 11 women). (A) Parietal cluster 
(MNI coordinates: –45, –63, 43; cluster size: 199) 
identified as main effect of k value under placebo 
conditions; (B) Correlation between neural activity 
(β-coefficients) and the k value under placebo con-
ditions: Slope –0.02, R2=0.55, P = 0.00005; (C) Over-
lapping parietal cluster (MNI coordinates: –49, –64, 
42; cluster size: 294) identified by the same analy-
sis as in panel A, but under ghrelin conditions; (D) 
Correlation between neural activity (β-coefficients) 
and k value under ghrelin conditions: Slope: –0.012; 
R2=0.53, P = 0.001. Bootstrapping test with 10,000 
permutations found that the 95% confidence inter-
val for the difference between slopes, 0.0084, was 
0.0010–0.0177 and thus significantly different from 
0. The correlation results were very similar when 
women and men were analyzed separately.
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when energy stores need to be replenished, activity of ghrelin to 
selectively promote motivation for food, at the expense of oth-
er rewards, would clearly be more adaptive than a nonselective 
potentiation of reward values. Because we failed to anticipate this 
distinction, we did not collect hunger ratings, and this hypothesis 
will therefore have to await testing in future studies.

Finally, it is unclear why effects of ghrelin in the delay dis-
counting task appear to be restricted to women, while attenuated 
loss aversion affected men and women alike. This apparent dis-
crepancy is unlikely to be related to pharmacokinetic differences, 
as ghrelin levels achieved through the infusion were somewhat 
higher in men than in women, and the biomarker of ghrelin activ-
ity, GH release, was virtually identical between male and female 
participants. A methodological issue may account for the obser-

vation that women drove the effect of 
ghrelin in the delay discounting task. 
In agreement with published find-
ings (39), baseline discounting rates in 
women under placebo conditions were 
markedly higher than those in men and 
may therefore have been more sensi-
tive to reduction by ghrelin. However, 
we also note that sex differences have 
been reported for the role of ghrelin in 
the control of energy balance and could 
reflect an interaction between ghrelin 
and sex hormones (40).

Among the strengths of our study 
is its randomized, placebo- controlled, 
double-blind design and biomarker 
confirmation of GHSR activation. This 
allowed us to establish a causal role of 
ghrelin in humans for cognitive pro-
cesses outside appetite regulation and 
food- or drug-related cues. Our sam-
ple size was based on an a priori pow-
er analysis and allowed us to robustly 
replicate several previously published 
findings in the MID task (17). To ensure 
generalizability, we balanced inclu-
sion of men and women. However, 
since we did not have a priori hypoth-
eses regarding sex-specific effects, the 
study was not powered to specifically 
analyze ghrelin × sex interactions. 
Our exploratory analyses suggested 
that behavioral and neural effects of 
ghrelin on delay discounting may have 
been selective for women, but these 
findings, based on limited sample siz-
es, are preliminary.

In summary, our results support 
the general notion that ghrelin plays 
a role in processes subserving val-
ue-based decision making beyond its 
established role as an appetite-stimu-
lating hormone. They do not, however, 

support predictions based on animal studies that ghrelin gener-
ally enhances the value of prospective rewards through actions 
on mesolimbic DA signaling.

Methods

Overview
An overview is shown in Figure 1A, and details are provided in 
Supplemental Table 1. This was a within-subject, cross-over, dou-
ble-blind, randomized placebo-controlled trial consisting of 3 vis-
its. Visit 1 was for screening and eligibility assessment. On visits 
2 and 3, participants received i.v. ghrelin or placebo, respectively, 
in a within-subject, randomized, counterbalanced design, as previ-
ously described (13, 14, 21).

Figure 5. Whole-brain analysis for main effect of intervention in the delay discounting task. n = 23 
(12 men and 11 women). (A) Bilateral cluster of deactivation (MNI coordinates: 35, –60, 48; cluster size: 
248; MNI coordinates: –43, –48, 56; Cluster size: 179) Analysis of β-coefficients extracted from these 
clusters showed that, both for less-now and more-later choices, ghrelin produced a deactivation both 
in the left hemisphere (B) less-now choices (F[1,22]=11.7, **P = 0.002, ηp2=0.35) and more-later choices 
(F[1,22]=25.6, ***P < 0.001, ηp2=0.54) and right hemisphere (C) less-now choices (F[1,22]=13.7, **P = 
0.001, ηp2=0.38) and more-later choices (F[1,22]=17.9, ***P < 0.001, ηp2=0.45). When analyses were strati-
fied by sex, similar results were replicated in female participants (D–F), (E) less-now choices (F[1,10]=23.6, 
***P < 0.001, ηp2=0.70) and more-later choices (F[1,10]=31.4,*** P < 0.001, ηp2=0.76), (F) less-now choices 
(F[1,10]=17.8, **P = 0.002, η2=0.64) and more-later choices (F[1,10]=28.1, ***P < 0.001, ηp2=0.74), while no 
significant whole-brain effect was found in male participants. Bars are means ± SEM. (D) MNI coordi-
nates: –33, –68, 43; 31, –65, 44 and –44, –57, –15; Cluster sizes are 408, 288, and 177, respectively. 
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Participants
Participants (n = 30, 15 women and 15 men) were healthy volun-
teers recruited using ads and fliers. Detailed eligibility criteria are 
provided in the Supplemental Materials. In brief, participants had 
to be 18–65 years old (mean ± SEM: 26 ± 1.44; men: 25.27 ± 1.11; 
women: 26.67 ± 3.02; ns), and in good health as determined by 
medical history, physical exam, electrocardiogram, and lab tests. 
Female participants had to provide a negative urine pregnancy test 
before each study session. Participants were normal weight, with 
BMI (mean ± SEM: 23.95 ± 0.51; men: 24.22 ± 0.5; women: 23.77 
± 0.82; ns). A CONSORT diagram showing disposition of partici-
pants is in Supplemental Figure 1, and an overview of study visits in 
Supplemental Table 1. Additional participant details are provided 
in Supplemental Table 8.

Visit timeline
Following inclusion, written informed consent, and randomiza-
tion, participants attended 2 visits, between 1 and 6 weeks apart. 
During these visits, they received a standardized meal, followed 
by i.v. ghrelin or placebo in counterbalanced order while they 
underwent MRI. Both MRI visits followed the same sequences 
(Figure 1A). Participants had 2 i.v. catheters inserted, 1 for ghrelin/
placebo infusion and the other for collection of blood samples. 
They received a light standardized lunch and had a baseline blood 
sample (T1) collected for subsequent analysis of ghrelin levels and 
other biomarkers. The i.v. line was then connected to a portable, 
MR-compatible infusion pump. Next, participants moved to a sep-
arate room where they performed motion reduction training inside 
a (nonmagnetic) mock MRI simulator (Psychology Software Tools 
Inc.) to habituate to the scanner environment using a feedback 
system. Participants also performed practice versions of the tasks 
outside the simulator to familiarize themselves with the structure 
of the tasks and the response system. A second plasma sample 
was collected approximately 15 minutes before scanning (T2). The 
infusion was ongoing as participants entered the scanner and con-
tinued throughout the scan. A final blood sample was collected at 
the end of the scan (T3).

Standardized meal
To minimize the influence of endogenous ghrelin levels, participants 
were provided with a standardized meal before sessions (beef pat-
ties, red wine sauce, and cooked potatoes; energy content 456.1 kcal; 
macronutrient content: carbohydrates, 47.6 g; total fat 16.7 g; satu-
rated fat 5.5 g; polyunsaturated fat 1.9 g; monounsaturated fat 7.8 g; 
protein 25.4 g; fiber 4.6 g).

Drug administration
Leiden University Medical Centre Research Pharmacy (Leiden, 
The Netherlands), delivered sterile, freeze-dried ghrelin powder 
(cGMP Human Acyl-Ghrelin) in individual 250 μg subject vials to 
the Hospital Pharmacy in Linköping. Each vial had study-specific 
labelling in Swedish. Infusion bags were prepared by the pharma-
cy as 200 mL of 0.9% NaCl (placebo) or 2.5 μg/mL ghrelin. The 
pharmacy dissolved each vial of 250 μg sterile, freeze-dried ghrelin 
powder in 5 mL of 0.9% NaCl, and then added the content of 2 vials 
(10 mL, 500 μg) to an infusion bag with 0.9% NaCl, to a final vol-
ume of 200 mL. The pharmacy added a blinded label to the infu-

sion bag before distribution to the site. Participants and all study 
personnel were blinded. Monitoring of medication and randomiza-
tion list handling was performed by an independent Good Clinical 
Practice (GCP) monitor.

Ghrelin was administered continuously as an IV infusion of 5 
pmol/kg/min (16.9 ng/kg/min) for up to 4 hours. The dose was 
based on body weight and multiple published studies, including 
a landmark study demonstrating that 5 pmol/kg/min (compared 
with placebo, or 1 pmol/kg/min) reproduced the physiological 
effects of ghrelin, including a robust induction of appetite (21). 
Because i.v. ghrelin takes about 60 minutes to reach steady state 
and approximately 120 minutes to reach its full effect, fMRI scan-
ning was carried out between 120–180 minutes after infusion start. 
No sex adjustment was used, since previous studies had indicated 
that endocrine effects of i.v. ghrelin are independent of sex (41, 
42). Infusions were administered with an MR-compatible pump. 
Participants received up to 4.1 μg/kg during maximally 4 hour–
long infusions.

MID task
The MID task is widely used to assess reward processing in both 
healthy and clinical populations (15–17, 43). Participants are pre-
sented with geometrical shapes as cues representing different out-
comes: circles (reward), squares (loss), and triangles (no loss/no 
reward). Rewards and losses vary in amount and can be low (± 10 
Swedish krona [SEK] ≈ $1) or high (± 30 SEK ≈ $3), as represented 
by the number of lines on the circles and squares. To win as much 
money as possible, participants have to press a button when they 
are presented with a target (white square), either to gain rewards or 
avoid losses associated with the preceding cues. Participants famil-
iarize themselves with the cues and the task structure beforehand, 
and the target interval is individually adapted to participants’ mean 
reaction times (RT) after a practice run outside the scanner, in order 
to achieve a 66% success rate [approximately 250 ms; (15)]. If the 
target is missed, actual money is either lost (punishment) or not 
gained (no reward), depending on the condition.

In our version (Supplemental Figure 2A), participants could moni-
tor their own performance and a running total of their current gains on 
the screen during feedback on each trial. Participants were informed 
that they would start with 30 SEK and that the total amount (based 
on performance) at the end would be added to their actual compensa-
tion after each session (for a maximum SEK 430, approximately $43). 
Task duration was about 6 minutes, for a total of 50 trials. The task 
was written and presented with Presentation v17.2 (Neurobehavioral 
Systems Inc.). As stated, the target response interval was adapted to 
each participant’s baseline RT prior to scanning.

Delay discounting task
Participants completed a computerized delay discounting task as 
described previously (20). In brief, they were repeatedly required 
to choose between amounts of money available that day (0–1000 
SEK, in increments of 100) and 1000 SEK available after a delay 
of 0, 7, 30, 90, 180, 365, or 1,825 days (5 years), for a total of 76 
trials. Participants were informed that 1 trial would be selected at 
random for compensation, and that they would receive the sum of 
money on that trial either now (after the session) or later, with the 
actual delay depending on what they chose. All combinations of 
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and then warped to MNI template space, using affine and nonlin-
ear transformations. Images were blurred with a 4 mm full width 
at half-maximum (FWHM) filter. Motion parameters were included 
as a regressor of no interest to factor out noise. A threshold of 0.2 
mm between repetition times (TRs) was set as a motion censoring 
criterion, and an outlier fraction threshold of 0.05 was also used.

MID task. First-level analyses included regressors modelling 
the conditions of anticipation and feedback, resulting in a total 
number of 11 regressors. Three anticipation regressors were defined 
as the onset of the cues associated with either reward (high/low), 
loss (high/low), or neutral (no loss/no reward) until the onset of 
the target. Feedback was modelled using onset-to-offset of the out-
come presented on each trial. Loss and reward feedback regressors 
were collapsed over high and low amounts to increase the number 
of stimuli per regressor. Neutral feedback was represented by the 
outcome of the neutral no loss/no reward cue (± 0 SEK). Regres-
sors representing losses as punishments and missed rewards as 
nonrewards were used to model unsuccessful trials with respect 
to behavioral performance. A motor regressor was also included to 
model button presses related to the task. Correction for multiple 
comparisons of group-level data was performed with 3dClustSim 
(45). Spatial group smoothness parameters were estimated based 
on first-level residuals, with censored TRs removed, and entered 
into a simulated gray matter group mask of the assembled EPI 
masks of participants who were not censored. Two subjects were 
excluded from statistical analysis due to medium degree censoring 
(> 25% of TRs censored), leaving n = 28 for second-level analysis. 
The 3dFWHMx function was used to compute the average spatial 
smoothness estimates from the residual maps, using a nongaussian 
autocorrelation function (ACF). The group mask was then multi-
plied with an MNI gray matter template mask to specifically target 
gray matter voxels for statistical analysis. As per current best prac-
tice (45, 46), alphas were set to P = 0.002 per voxel, and P = 0.05 at 
cluster level, family wise error (FWE) corrected. A minimum clus-
ter size of 11 voxels was determined accordingly (bi-sided, nearest 
neighbor=1; voxel faces must touch).

Group-level analyses were run using AFNI 3dMVM (47). All 
MVM analyses were run as factorial ANOVAs. To identify the stri-
atal cluster responsive to value anticipation, we included a single 
anticipation factor. This was based on a recent meta-analysis that 
established a generalized neural system, within which overlapping 
activations are associated with value-based motivational processes, 
irrespective of valence (17). We confirmed that this was replicated 
in our data, where activations associated with reward and loss antic-
ipation overlapped, and showed the same response pattern to vari-
ation in reward and loss levels (Supplemental Figures 4–8). For our 
main MVM analysis, we therefore used a single anticipation regres-
sor that spanned all value levels used in the task (high loss – low loss 
– neutral – low reward – high reward).

The objective of the whole-brain MVM analysis was to empirical-
ly delineate the anticipation-responsive striatal cluster in our data, 
rather than relying on a literature-based region-of-interest (ROI). 
To properly account for the within-subject design of our study, we 
also included intervention (ghrelin versus placebo) as a factor in 
the whole-brain analysis. The main effect of this factor was not of 
interest for identifying the anticipation-responsive cluster, while the 
power required to detect an anticipation × intervention interaction 

immediate reward and delay interval were presented in a pseudo-
randomized order, and included the 1,000 SEK–now versus 1,000 
SEK–later trials as an attention check.

For each delay interval, a “switch point” was defined as the 
midpoint between the lowest immediate reward selected by the 
subject and the next lowest immediate reward in the sequence (i.e., 
the value of immediate reward at which the subject began consis-
tently to select the standard 1,000 SEK delayed reward), and was 
determined by fitting choice data to a square-wave function. We 
chose this fitting procedure because it was relatively robust and 
stood up well to occasional inconsistencies in participants’ choice 
behavior. The 7 indifference points were then fitted to a hyperbolic 
discounting function V = A*[1/(1 + k*D)], where V is the indiffer-
ence value, A is the fixed 1000 SEK delayed reward, D is the delay 
in days, and k is the discounting coefficient. Higher values of k 
indicate a steeper discounting of reward value as function of time, 
i.e. higher preference for immediate reward; lower k values reflect 
less steep discounting, and a higher relative preference for delayed 
reward. We used MATLAB (The MathWorks Inc.) for nonlinear 
curve fitting. We calculated an R2 value for each subject to indicate 
goodness-of-fit; the median R2 was 0.86, similar to what has been 
observed previously using this task (20). Analyses were repeated 
measures ANCOVAs with intervention as a within subject factor, 
subject as a random factor, and sex, age, BMI, and session order as 
covariates. P ≤ 0.05 was considered significant. For Posthoc analy-
sis, Newman-Keuls tests were used.

MRI
Image acquisition. Image acquisition was performed with a Sie-
mens Prisma 3T scanner (Siemens Healthcare Gmbh), using a 
64-channel head coil. Functional, blood-oxygen level-dependent 
(BOLD) T2*-weighted data were acquired with an echo-planar 
imaging (EPI) sequence (repetition time = 878 ms; echo time = 24 
ms; flip angle = Ernst angle (56°); field of view = 476 × 476 mm; 
in plane resolution = 3 × 3 mm, slice thickness = 3 mm, parallel 
imaging factor = 1, simultaneous multi-slice factor = 3). For precise 
anatomical localization of functional effects, a high-resolution 
anatomical 3D T1-weighted MPRAGE scan was acquired before 
EPI data acquisitions (repetition time = 2,300 ms; echo time = 2.36 
ms; flip angle = 8°; field of view = 288 × 288 mm; voxel resolution = 
0.87 × 0.87 × 0.90 mm).

Participants were equipped with MR-compatible goggles for 
stimulus presentation in the scanner. After the initial T1 sequence, a 
12-minute resting state BOLD scan was obtained, during which par-
ticipants were asked to keep their eyes open and focus on a fixation 
cross. They then performed tasks in a counterbalanced order. The 
order was the same on both sessions. The total scan time was no 
more than 90 minutes.

Preprocessing. Preprocessing and formal analysis of function-
al task data was performed in Analysis of Functional Neuroimag-
es (AFNI) software version 21.2.08 (44), with preprocessing steps 
based on current AFNI recommendations for task-based fMRI 
(https://afni.nimh.nih.gov/pub/dist/doc/program_help/afni_ proc.
py.html). A whole-brain, voxel-wise GLM analysis was used to 
model BOLD time-series task data, using the AFNI 3dDeconvolve 
function. BOLD images were despiked and slice time corrected. EPI 
volume was registered to the volume with minimum outlier fraction 
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in portions of 500 μL and stored at −80°C until analysis. A protease 
inhibitor Pefabloc SC (AEBSF; Roche) was added to inhibit degra-
dation of ghrelin before blood collection and samples were acidi-
fied with HCl to a final concentration of 0.05 N after centrifuging, 
according to the manufacturer’s instructions.

Total ghrelin was measured using Human (Total) Ghrelin Kit 
(EMD Sigma-Aldrich). The kit has a sensitivity of 30 pg/mL in a 20 μL 
sample size, and samples were run in duplicates. During measurement 
of total ghrelin, samples outside the quantification range of the stan-
dard curve were further diluted with assay buffer in accordance with 
protocol and remeasured.

The Millipore Human Metabolic Hormone Magnetic Bead Pan-
el 96-Well Plate MILLIPLEXMAP kit (Sigma-Aldrich) was used to 
measure the following analytes within their respective reportable 
Minimum Detectable Concentration (MinDC): ghrelin (referred to 
as active ghrelin by the manufacturer), 13 pg/mL, leptin 41 pg/mL, 
total amylin 13 pg/mL, total GLP-1 2.5 pg/mL, PP 2 pg/mL, GIP 0.6 
pg/mL, and PYY 28 pg/mL. The assay was performed on fluores-
cence-coded magnetic beads coated with capture antibodies specif-
ic for each marker. Introduction of biotinylated detection antibody 
and streptavidin-phycoerythrin permitted simultaneous detection of 
all analytes on a FLEXMAP 3D instrument (Luminex Corporation). 
These multiplex data were preprocessed and analyzed using MILLIP-
LEX Analyst software (Sigma-Aldrich) to calculate the concentration 
of each neuroendocrine marker. Intra- and interassay %CVs for all 
MILLIPLEX analytes included in the analysis were < 10% and < 15%, 
respectively, as determined by the manufacturer.

Study approval
The study was carried out according to GCP, approved by the Swed-
ish Ethics Review Authority (Dnr. 2019-01510) and the Swedish 
Medicinal Products Agency, and preregistered as EudraCT 2018-
004829-82. Data for secondary analyses will be made available with 
a transfer agreement.

Statistics
Sample size was chosen based on a priori power analysis, to achieve 
adequate power for detecting a moderate or greater effect size 
(Cohen’s d ≥ 0.6) on the predefined primary outcomes at α = 0.05, 
based on prior studies (reviewed in ref. 12). Dropouts were replaced. 
Thirty participants completed the study. For whole brain analyses of 
fMRI data, General Linear Models were used as implemented in the 
AFNI software package and are described in detail in Methods. For 
other statistical analysis, ANOVA followed by Newman-Keul’s post-
hoc tests was used, with design factors, their within- or between 
subjects nature, and covariates provided in Results and figure leg-
ends. All reported P values are 2 tailed. P values of less than 0.05 
were considered significant.

Author contributions
MH, GT, LL, and MP conceptualized the project. MH, LL, JPH, 
IP, RK, RB, and EP chose and developed the methodology. MP, 
SG, AY, AA, EG, and AL conducted the investigation. MH and 
GT acquired funding for the project. MH and AJC supervised 
the project. MP, AY, MH, and GT wrote the manuscript. MH and 
GT jointly and in equal part conceptualized, planned for, and 
funded the study, under a mutual a priori agreement to share 

in the whole brain analysis vastly exceeds that for detecting main 
effects. To test for effects of ghrelin on striatal activations during 
anticipation, the whole brain analysis was therefore followed up by 
extracting β coefficients from the striatal cluster identified by the 
anticipation factor, and analyzing these β coefficients using facto-
rial ANOVAs. These analyses were performed in SPSS version 28 
(IBM). Several sensitivity analyses supporting the robustness of our 
approach are presented in Supplemental Figures 4–8.

Biological sex (male/female) was included as a covariate in all 
analyses. Sensitivity analyses were also carried out to examine poten-
tial contributions from age and BMI as covariates, but their inclusion 
did not change the results, and they were therefore dropped in the 
final analysis. The order of active ghrelin challenge and placebo was 
balanced across subjects in the randomization and was therefore not 
included as a factor.

Delay discounting. For first-level, subject-wise analysis of the 
fMRI data we constructed 2 regressors of interest. The less-now 
regressor reflected γ-function-convolved δ functions during deci-
sion epochs when subjects decided to take less money made avail-
able that day. The more-later regressor reflected times at which 
subjects decided to take more money made available at the delay 
interval for that trial. The decision epoch for each trial was defined 
as the time from when choice stimuli were presented to when a 
response was made. The 2 regressors of interest spanned just this 
period of time. Response and feedback epochs for each trial were 
also modeled as regressors of no interest as were trials for decisions 
directly proximate to the indifference point. Pilot testing showed 
that clearer neural-functional effects were obtained by exclusion of 
these borderline decision trials.

Group-level analyses were run using a similar 3dMVM approach 
as the MID task, using a factorial ANOVA with intervention (pla-
cebo/ghrelin) and choice (less-now/more-later) as 2 within subject 
factors. Furthermore, we examined relations between k values 
obtained during a given session (ghrelin or placebo) both as main 
effects and interacting with choice. Based on results from analysis 
of the behavioral data for the delay discounting task, we analyzed 
the imaging data both including sex as a covariate of interest and 
in females and males independently. Similar to the MID, age, and 
BMI were evaluated as potential covariates, but did not affect the 
results, and were dropped from the final analysis. To correct for 
family wise type–1 error we used a per-voxel statistical threshold of 
P = 0.05 coupled with a minimum cluster size of 166 voxels (bisid-
ed, nearest neighbor=1).

Plasma analyses
At each time point (Figure 1A), peripheral venous blood was col-
lected into 6 mL EDTA tubes. Plasma concentrations of the fol-
lowing hormones were measured: ghrelin (referring to the active 
form, i.e., acyl-ghrelin), total ghrelin, growth hormone (GH), 
leptin, glucagon-like peptide-1 (GLP-1), pancreatic polypeptide 
(PP), gastric inhibitory peptide (GIP), peptide tyrosine tyrosine 
(PYY), and cortisol. Cortisol and growth hormone (GH) was ana-
lyzed at the Linköping University Hospital Clinical Chemistry lab-
oratory (Laboratoriemedicin, Universitetssjukhuset i Linköping). 
Blood samples for analysis of the remaining hormones were cen-
trifuged as soon as possible and within 30 minutes after collection 
(1,700g, 4°C, 15 minutes). The plasma supernatant was aliquoted 
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