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Tirzepatide on ingestive behavior in adults 
with overweight or obesity: a randomized 
6-week phase 1 trial
 

Tirzepatide induces weight reduction but the underlying mechanisms 
are unknown. This 6-week phase 1 study investigated early effects of 
tirzepatide on energy intake. Male and female adults without diabetes 
(n = 114) and a body mass index from 27 to 50 kg per m2 were randomized 
1:1:1 to blinded once-weekly tirzepatide or placebo, or open-label 
once-daily liraglutide. The primary outcome was change from baseline 
to week 3 in energy intake during an ad libitum lunch with tirzepatide 
versus placebo. Secondary outcomes assessed self-reported ingestive 
behavior and blood-oxygenation-level-dependent functional magnetic 
resonance imaging with food photos. Tirzepatide reduced energy intake 
versus placebo at week 3 (estimated treatment difference −524.6 kcal 
(95% confidence interval −648.1 to −401.0), P < 0.0001). With regard to 
secondary outcomes versus placebo, tirzepatide decreased overall appetite, 
food cravings, tendency to overeat, perceived hunger and reactivity to 
foods in the environment but did not impact volitional restriction of 
dietary intake. At week 3 versus placebo, tirzepatide did not statistically 
significantly impact blood-oxygenation-level-dependent activation to 
highly palatable food photos (aggregated category of high-fat, high-sugar 
foods and high-fat, high-carbohydrate foods) but decreased activation to 
high-fat, high-sugar food photos in the medial frontal and cingulate gyri, 
orbitofrontal cortex and hippocampus. Our results suggest tirzepatide 
reduces food intake, potentially by impacting ingestive behavior. 
ClinicalTrials.gov registration: NCT04311411.

Obesity is a chronic progressive disease characterized by excessive 
body fat1–3. New incretin-based pharmacotherapies produce weight 
reduction4. However, the behavioral and neurobiological mecha-
nisms underlying their effects on body weight in humans are not 
well understood5.

Previous studies of selective glucagon-like peptide-1 (GLP-1) recep-
tor agonists (RAs) using self-report inventories suggest these therapies 
affect ingestive behaviors6,7, while functional magnetic resonance 
imaging (fMRI) studies using food cues show involvement of central 
nervous system (CNS) mechanisms8–13. These findings suggest that 

GLP-1 RAs may have early effects on energy intake by modifying appe-
tite and brain activity in regions implicated in appetite and food reward.

Tirzepatide is a glucose-dependent insulinotropic polypeptide 
(GIP) and GLP-1 RA14. A 72-week phase 3 study in adults with obesity 
demonstrated that once-weekly tirzepatide produced weight reduction 
of up to 20.9%, compared to 3.1% with placebo15. A phase 1 mechanistic 
study in individuals with obesity undergoing energy restriction or 
weight reduction found that tirzepatide reduced energy intake and 
food cravings16, with no effect on metabolic adaptation17, indicat-
ing that tirzepatide’s effect on body weight may primarily be related 
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(25 (66%)) than in the placebo (36 (92%)) and tirzepatide (36 (97%)) 
groups (Table 1).

Primary outcome
The prespecified primary analysis using an analysis of covariance found 
a statistically significantly greater mean change from baseline to week 
3 in energy intake during an ad libitum lunch meal test with tirzepatide 
(−523.2 kcal) versus placebo (11.0 kcal); treatment difference −534.1 kcal 
(95% confidence interval (CI) −668.2 to −400.0, P < 0.0001) (Fig. 2a). 
Results were similar when analyzed using a mixed model for repeated 
measures (MMRMs) (Fig. 2b and Extended Data Fig. 1).

Secondary outcomes
Tirzepatide decreased fasting overall appetite as assessed by visual 
analog scale (VAS) at week 3 versus placebo (Table 2, Fig. 3a and Extended 
Data Fig. 2). Tirzepatide decreased fasting hunger and prospective food 
consumption, and increased fasting satiety and fullness versus placebo 
at week 3 (Supplementary Table 1). Tirzepatide decreased fasting desire 
to eat sweet, salty and fatty foods as assessed by VAS versus placebo 
at week 3. Tirzepatide and placebo did not differ in any postprandial 
appetite changes at week 3 (Supplementary Table 2).

Appetite over the previous week as assessed by retrospective VAS 
showed similar results to fasting appetite (Supplementary Table 3). 
Tirzepatide decreased retrospective appetite versus placebo at week 3.

Tirzepatide decreased Food Craving Inventory (FCI) overall score 
and cravings for high-fat foods, sweets, carbohydrates or starches and 

to its effect on energy intake and appetite. Tirzepatide has similarly 
been shown to reduce appetite and energy intake in individuals with 
diabetes18. However, these studies used limited measures of ingestive 
behavior and did not collect brain functioning measurements that 
could inform CNS mechanisms.

Early adaptive changes in ingestive behavior and involvement of 
CNS mechanisms producing energy intake reductions with tirzepatide 
are yet to be fully elucidated in humans. We conducted a 6-week phase 
1 clinical trial in adults with obesity or overweight to better under-
stand the effect of short-term tirzepatide administration on appetite, 
ingestive behaviors and blood-oxygen-level-dependent (BOLD) fMRI 
activation in response to food cues relative to placebo and liraglutide. 
We hypothesized that tirzepatide would decrease energy intake and 
appetite, and modulate activation of brain regions associated with 
appetite and food reward.

Results
A total of 244 participants were screened and 114 were randomly 
assigned to placebo (n = 39), tirzepatide (n = 37) or liraglutide (n = 38). 
The first participant was enrolled on 9 November 2020 and the last 
participant was enrolled on 14 October 2022. All received at least one 
dose of study drug and 101 participants (89%) completed the study 
(Fig. 1a). Of 13 participants who did not complete the study, 7 discon-
tinued due to adverse events (AEs) and 6 due to withdrawal of consent. 
Baseline demographics were well balanced across treatment groups 
except for sex, with fewer female participants in the liraglutide group 
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Fig. 1 | Trial profile and study design. a, Trial profile of the number of 
participants who underwent screening, enrollment and randomization  
and the number of participants who completed the study. b, Study design.  
The assessments carried out included an ad libitum food intake test  

(primary objective at week 3); questionnaires assessing appetite (VAS), food 
cravings (FCI and FCQ-S), disinhibition, hunger and dietary restraint (Eating 
Inventory), susceptibility to the food environment (PFS) and impulsiveness (BIS); 
and BOLD fMRI (fasted). QD, once-daily; QW, once-weekly.
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fast-food fats (high in fat and calories and easily accessible; for exam-
ple, pizza, hamburgers and French fries), but not fruits and vegetables, 
versus placebo at week 3 (Fig. 3b, Table 2 and Supplementary Table 4).

Tirzepatide decreased Food Craving Questionnaire-State (FCQ-S) 
overall score versus placebo at week 3, as well as all subscale scores 
(physiological state: hunger, lack of control over eating, anticipa-
tion of negative reinforcement from eating, anticipation of positive 
reinforcement and intense desire to eat; Fig. 3c, Table 2 and Supple-
mentary Table 5), reflecting a greater reduction in state-dependent 
food craving.

Tirzepatide decreased Power of Food Scale (PFS) overall score 
and all subscale scores (food available, food present and food tasted; 
Fig. 3d, Table 2 and Supplementary Table 6) versus placebo at week 3 
suggesting less responsiveness to proximal foods and greater control 
of appetite.

Tirzepatide decreased Eating Inventory perceived hunger versus 
placebo at week 3 (Fig. 3e and Table 2). Tirzepatide also decreased dis-
inhibition versus placebo at week 3, reflecting a greater reduction in 
the tendency to overeat in response to external (for example, the sight 
and smell of food) and internal (for example, stress and anxiety) cues. 
There was no statistically significant difference for change in cognitive 
restraint at week 3 between tirzepatide and placebo.

Safety
Treatment-emergent AEs were reported by 30 (81%) participants in the 
tirzepatide group, 25 (66%) in the liraglutide group and 17 (44%) in the 
placebo group (Extended Data Table 1). There were seven discontinua-
tions due to AEs: three (8%) in the tirzepatide group because of nausea, 
pancreatitis and vomiting; two (5%) in the liraglutide group because of 
COVID-19 pneumonia and vomiting and two (5%) in the placebo group 
because of urticaria and increased appetite. There was one serious 
AE in the liraglutide group (COVID-19 pneumonia). No deaths were 
reported during the study. There were no confirmed hypoglycemic 
events during the study.

The most common treatment-emergent AEs with tirzepatide 
were gastrointestinal (nausea, vomiting, dyspepsia and constipation). 
Most nausea and vomiting AEs were mild to moderate in severity and 
a higher proportion happened after the first injection compared to 
each subsequent injection (nausea: 15 events of 49 total throughout 
the study; vomiting: 7 events of 16 total) (Extended Data Fig. 3). On 
the days of the procedures, day 16 and day 37, we observed 2 (1 mild, 
1 severe) and 3 (1 mild, 2 moderate) nausea AEs, respectively, and  
0 and 2 (2 moderate) vomiting AEs, respectively, suggesting that any 
effects of nausea and vomiting in the tirzepatide group on assess-
ments were limited.

Nausea, malaise and gastrointestinal distress over the previous 
week was monitored using retrospective VAS. For tirzepatide versus 
placebo, there were larger increases in nausea and gastrointestinal 
distress at week 3 and week 6, and in malaise at week 6 (Supplementary 
Table 3). For liraglutide versus placebo, there was a larger increase in 
nausea at week 3 and week 6, and gastrointestinal distress at week 6. 
For tirzepatide versus liraglutide, there was a larger increase in nausea 
at week 6.

With tirzepatide, liraglutide and placebo, mean body weight 
changes from baseline to week 3 were −3.7 kg, −1.9 kg and −0.5 kg, 
respectively, and changes to week 6 were −7.0 kg, −3.7 kg and −0.6 kg, 
respectively (Table 2). There was a greater decrease from baseline to 
week 3 and to week 6 in body weight with tirzepatide versus placebo 
and liraglutide, and with liraglutide versus placebo (Fig. 2c).

Exploratory outcomes
Tirzepatide reduced energy intake during the lunch meal test at week 3 
versus liraglutide. The reduction in energy intake with tirzepatide was 
sustained at week 6 versus both placebo and liraglutide. Liraglutide 
reduced energy intake at week 3 and week 6 versus placebo.

Tirzepatide decreased fasting VAS overall appetite at week 3 ver-
sus liraglutide. Tirzepatide decreased fasting hunger and prospec-
tive food consumption, and increased fasting satiety and fullness, 
versus liraglutide at week 3. Differences between tirzepatide and both 

Table 1 | Baseline characteristics

Placebo 
(n = 39)

Liraglutide 
(n = 38)

Tirzepatide 
(n = 37)

Overall 
(N = 114)

Age (yr) 46.2 (9.5) 43.7 (11.9) 44.8 (10.2) 44.9 (10.5)

Sex

  Female 36 (92%) 25 (66%) 36 (97%) 97 (85%)

  Male 3 (8%) 13 (34%) 1 (3%) 17 (15%)

Race

  White 28 (72%) 28 (74%) 27 (73%) 83 (73%)

 � Black or African 
American

11 (28%) 10 (26%) 9 (24%) 30 (26%)

Ethnicity

 � Hispanic or Latino 2 (5%) 3 (8%) 0 5 (4%)

 � Not Hispanic  
or Latino

37 (95%) 35 (92%) 36 (97%) 108 (95%)

Weight (kg) 98.2 (20.8) 101.1 (19.5) 97.6 (16.0) 99.0 (18.8)

BMI (kg per m2) 36.2 (5.9) 36.2 (5.4) 36.1 (5.7) 36.2 (5.6)

  27 to <30 kg per m2 6 (15%) 4 (11%) 5 (14%) 15 (13%)

  30 to <35 kg per m2 12 (31%) 13 (34%) 12 (32%) 37 (33%)

  35 to 50 kg per m2 21 (54%) 21 (55%) 20 (54%) 62 (54%)

Waist  
circumference  
(cm)

110.3 (14.3) 110.7 (14.5) 109.8 (12.2) 110.3 (13.6)

Data are mean (standard deviation) or n (%). Sex was self-reported by participants. n, number of 
randomized participants in each treatment group; N, total number of randomized participants.
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Fig. 2 | Differences between treatment groups in changes in energy intake and 
body weight. a, Least squares mean change from baseline (standard error), mean 
ETD and associated 95% CI from analysis of covariance for change in energy intake at 
week 3 in all randomized participants (placebo, n = 39; tirzepatide, n = 37). Statistical 
tests were two-sided at a significance level of 0.05 with adjustment for multiplicity. 
b, Mean ETD (center) and associated 95% CIs (whiskers) for change in energy intake 
at weeks 3 and 6. c, Mean ETD (center) and associated 95% CIs (whiskers) for change 
in body weight at weeks 3 and 6. For b and c, ETD was estimated using a MMRMs 
in all randomized participants (placebo, n = 39; tirzepatide, n = 37; liraglutide, 
n = 38). Statistical tests were two-sided at a significance level of 0.05 and adjustment 
was not made for multiplicity. ***P < 0.001 for comparisons between treatment 
groups. Statistical comparisons including exact P values are provided in Table 2 and 
Supplementary Table 1. ETD, estimated treatment difference.
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Table 2 | Energy intake, body weight and eating behavior findings

Placebo (n = 39) Liraglutide (n = 38) Tirzepatide (n = 37)

Energy intake at lunch (kcal)

Baseline 893.1 (384.2) 1,044.8 (562.3) 926.4 (371.2)

Change at week 3 (primary analysis of 
covariance)

11.0 (49.1) – −523.2 (52.8)

Versus placebo – – −534.11 (−668.20 to −400.02), 
P < 0.0001

Change at week 3 −7.9 (44.7) (1.9%) −299.3 (46.2) (−31.5%) −532.4 (48.3) (−59.1%)

  Versus placebo – −291.4 (−412.1 to −170.8), P < 0.0001 −524.6 (−648.1 to −401.0), 
P < 0.0001

  Versus liraglutide – – −233.1 (−358.0 to −108.3), 
P = 0.0004

Change at week 6 28.3 (52.0) (−0.6%) −314.5 (52.7) (−28.8%) −657.8 (55.4) (−72.4%)

  Versus placebo – −342.8 (−483.6 to −202.0), P < 0.0001 −686.0 (−830.7 to −541.4), 
P < 0.0001

  Versus liraglutide – – −343.3 (−488.2 to −198.3), 
P < 0.0001

Change from week 3 to week 6 within treatment 
group

36.1 (−26.1 to 98.4), P = 0.2522 
(2.7%)

−15.2 (−75.7 to 45.3), P = 0.6188 (2.7%) −125.3 (−188.8 to −61.9), P = 0.0002 
(−35.5%)

Body weight (kg)

Baseline 98.7 (20.5) 101.8 (19.3) 98.2 (16.2)

Change at week 3 −0.5 (0.2) −1.9 (0.2) −3.7 (0.2)

  Versus placebo – −1.4 (−1.9 to −0.9), P < 0.0001 −3.3 (−3.8 to −2.7), P < 0.0001

  Versus liraglutide – – −1.9 (−2.4 to −1.3), P < 0.0001

Change at week 6 −0.6 (0.3) −3.7 (0.3) −7.0 (0.4)

  Versus placebo – −3.1 (−4.0 to −2.3), P < 0.0001 −6.5 (−7.4 to −5.6), P < 0.0001

  Versus liraglutide – – −3.4 (−4.3 to −2.5), P < 0.0001

Change from week 3 to week 6 within treatment 
group

−0.1 (−0.5 to 0.3), P = 0.6720 −1.8 (−2.3 to −1.4) P < 0.0001 −3.3 (−3.8 to −2.9) P < 0.0001

Fasting overall appetite VAS scorea

Baseline 26.3 (11.3) 25.6 (18.7) 25.3 (14.0)

Change at week 3 2.2 (3.0) 8.8 (3.1) 22.7 (3.3)

  Versus placebo – 6.6 (−1.5 to 14.8), P = 0.1097 20.6 (12.1 to 29.0), P < 0.0001

  Versus liraglutide – – 13.9 (5.5 to 22.4), P = 0.0015

Change at week 6 −2.4 (3.5) 10.2 (3.4) 28.4 (3.6)

  Versus placebo – 12.6 (3.4 to 21.8), P = 0.0080 30.8 (21.3 to 40.4), P < 0.0001

  Versus liraglutide – – 18.2 (8.8 to 27.7), P = 0.0002

Change from week 3 to week 6 within treatment 
group

−4.6 (−11.2 to 2.0), P = 0.1708 1.37 (−5.1 to 7.8), P = 0.6717 5.7 (−1.2 to 12.5), P = 0.1024

Eating Inventory cognitive restraint

Baseline 9.6 (4.0) 9.4 (3.9) 9.3 (4.6)

Change at week 3 0.3 (0.5) 1.7 (0.5) 1.6 (0.6)

  Versus placebo – 1.4 (0 to 2.8), P = 0.0487 1.3 (−0.1 to 2.8), P = 0.0682

  Versus liraglutide – – −0.1 (−1.5 to 1.4), P = 0.9273

Change at week 6 1.1 (0.6) 2.6 (0.6) 2.4 (0.6)

  Versus placebo – 1.5 (−0.1 to 3.1), P = 0.0723 1.3 (−0.4 to 3.0), P = 0.1192

  Versus liraglutide – – −0.2 (−1.9 to 1.5), P = 0.8428

Change from week 3 to week 6 within treatment 
group

0.8 (−0.2 to 1.8), P = 0.1135 0.9 (−0.1 to 1.9), P = 0.0736 0.8 (−0.2 to 1.8), P = 0.1297

Eating Inventory disinhibition (tendency to overeat)

Baseline 10.2 (3.5) 9.2 (3.5) 9.5 (3.5)

Change at week 3 −0.4 (0.5) −1.3 (0.5) −3.5 (0.5)

  Versus placebo – −0.9 (−2.2 to 0.4), P = 0.1850 −3.1 (−4.5 to −1.8), P < 0.0001
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placebo and liraglutide at week 3 were sustained at week 6 (Extended 
Data Fig. 4). With liraglutide, fasting overall appetite change did not 
differ from placebo at week 3, but decreased versus placebo at week 6.  
Tirzepatide decreased fasting desire to eat sweet, salty and savory 
foods at week 3 versus liraglutide. Differences between tirzepatide 
and placebo or liraglutide generally persisted at week 6. There were 
no differences between liraglutide and placebo for any food group. 
Treatment groups did not differ in postprandial appetite changes at 
either week 3 or week 6.

Tirzepatide decreased retrospective appetite at week 3 versus 
liraglutide. Differences between tirzepatide and both placebo and 
liraglutide at week 3 were sustained at week 6. With liraglutide, ret-
rospective appetite decreased at week 3 and week 6 versus placebo.

The differences between tirzepatide and placebo in cravings for 
high-fat foods, sweets, carbohydrates or starches and fast-food fats, as 
well as overall cravings at week 3, were sustained at week 6. Tirzepatide 
decreased craving overall and for sweets and fast-food fats at week 3  
versus liraglutide but at week 6 only sweet cravings differed from 
liraglutide. With liraglutide, there were no differences in food craving 
versus placebo at week 3, but at week 6 cravings for all categories except 
for fruits and vegetables decreased versus placebo.

Tirzepatide decreased FCQ-S overall score at week 3 versus lira-
glutide, as well as all subscale scores. Differences between tirzepatide 
and both placebo and liraglutide at week 3 were sustained at week 6 
except for negative reinforcement from eating versus liraglutide. With 
liraglutide, overall score, but not subscale scores, decreased versus 
placebo at week 3 and all scores decreased versus placebo at week 6.

Tirzepatide decreased PFS overall score and all subscale scores 
versus liraglutide at week 3, suggesting less responsiveness to proxi-
mal foods and greater control of appetite. These differences between 
tirzepatide and both placebo and liraglutide at week 3 were sustained 
at week 6. With liraglutide, overall score and food available subscale 
scores decreased versus placebo at week 3 and week 6, when liraglutide 
also reduced the food tasted score.

On the Eating Inventory, tirzepatide decreased perceived hun-
ger and disinhibition versus liraglutide at week 3. These differences 
between tirzepatide and both placebo and liraglutide at week 3 were 
sustained at week 6. With liraglutide, perceived hunger and disinhibi-
tion decreased versus placebo at week 6, but not at week 3. Only lira-
glutide increased reported cognitive restraint versus placebo at week 3 
and there were no statistically significant treatment group differences 
for change in cognitive restraint at week 6.

Tirzepatide decreased Barratt Impulsiveness Scale (BIS) total 
impulsiveness score versus placebo at week 3 and week 6 (Table 2 and 
Fig. 3f). Tirzepatide decreased cognitive instability and attentional 
impulsiveness versus placebo at week 3, and cognitive instability and 
motor impulsiveness versus placebo at week 6 (Supplementary Table 7 
and Extended Data Fig. 5). There was an increase in attention with tirze-
patide versus placebo at week 3 but change in attention was similar at 
week 6. Tirzepatide and liraglutide groups did not differ on changes in 
any scores at either week 3 or week 6. Liraglutide decreased cognitive 
instability and attentional impulsiveness versus placebo at week 3 but 
did not differ from placebo on any scores at week 6.

Mean BOLD fMRI activation while viewing photographs of food 
versus non-food objects at baseline is shown in Extended Data Fig. 6. 
Change in highly palatable food (FoodHiPal) BOLD fMRI activation from 
baseline to week 3 or week 6 did not differ between treatment groups 
within any region of interest (ROI) (Fig. 4a, Extended Data Fig. 7A and 
Supplementary Table 8). At week 3, with tirzepatide versus placebo, 

Placebo (n = 39) Liraglutide (n = 38) Tirzepatide (n = 37)

  Versus liraglutide – – −2.3 (−3.6 to −0.9), P = 0.0014
Change at week 6 −0.6 (0.52) −1.9 (0.5) −4.4 (0.6)
  Versus placebo – −1.3 (−2.7 to 0.1), P = 0.0711 −3.8 (−5.2 to −2.4), P < 0.0001
  Versus liraglutide – – −2.5 (−4.0 to −1.1), P = 0.0007
Change from week 3 to week 6 within treatment 
group

−0.2 (−0.9 to 0.5), P = 0.5687 −0.6 (−1.3 to 0.1), P = 0.0862 −0.9 (−1.6 to −0.2), P = 0.0182

Eating Inventory perceived hunger
Baseline 6.8 (3.4) 6.5 (3.3) 7.1 (4.3)
Change at week 3 −0.4 (0.5) −1.6 (0.5) −3.6 (0.5)
  Versus placebo – −1.3 (−2.6 to 0.1), P = 0.0664 −3.2 (−4.6 to −1.8), P < 0.0001
  Versus liraglutide – – −1.9 (−3.3 to −0.5), P = 0.0071
Change at week 6 −0.5 (0.5) −2.2 (0.5) −4.2 (0.6)
  Versus placebo – −1.8 (−3.2 to −0.3), P = 0.0163 −3.7 (−5.2 to −2.3), P < 0.0001
  Versus liraglutide – – −2.0 (−3.5 to −0.5), P = 0.0090
Change from week 3 to week 6 within treatment 
group

−0.1 (−0.8 to 0.6), P = 0.7842 −0.6 (−1.3 to 0.1), P = 0.0916 −0.6 (−1.3 to 0.1), P = 0.0872

FCI overall score
Baseline 2.5 (0.4) 2.7 (0.5) 2.4 (0.6)
Change at week 3 −0.3 (0.1) −0.4 (0.1) −0.7 (0.1)
  Versus placebo – −0.1 (−0.4 to 0.1), P = 0.2376 −0.4 (−0.7 to −0.2), P = 0.0008
  Versus liraglutide – – −0.3 (−0.6 to 0), P = 0.0249
Change at week 6 −0.3 (0.1) −0.6 (0.1) −0.9 (0.1)
  Versus placebo – −0.3 (−0.6 to −0.1), P = 0.0082 −0.6 (−0.9 to −0.4), P < 0.0001
  Versus liraglutide – – −0.3 (−0.6 to −0.1), P = 0.0113
Change from week 3 to week 6 within treatment 
group

0 (−0.1 to 0.2), P = 0.9303 −0.2 (−0.3 to 0), P = 0.0175 −0.2 (−0.3 to −0.1), P = 0.0099

FCQ-S overall score
Baseline 2.9 (0.6) 3.0 (0.7) 2.9 (0.8)
Change at week 3 −0.1 (0.1) −0.4 (0.1) −1.0 (0.1)
  Versus placebo – −0.3 (−0.6 to 0), P = 0.0282 −0.9 (−1.2 to −0.6), P < 0.0001
  Versus liraglutide – – −0.6 (−0.9 to −0.3), P = 0.0005
Change at week 6 −0.1 (0.1) −0.7 (0.1) −1.2 (0.1)
  Versus placebo – −0.6 (−0.9 to −0.3), P = 0.0005 −1.1 (−1.4 to −0.8), P < 0.0001
  Versus liraglutide – – −0.5 (−0.9 to −0.2), P = 0.0011
Change from week 3 to week 6 within treatment 
group

0 (−0.2 to 0.2), P = 0.7864 −0.3 (−0.4 to −0.1), P = 0.0049 −0.2 (−0.4 to −0.1), P = 0.0150

PFS overall score
Baseline 3.0 (0.8) 2.9 (0.8) 3.2 (0.9)
Change at week 3 0 (0.1) −0.3 (0.1) −1.0 (0.1)
  Versus placebo – −0.3 (−0.6 to 0), P = 0.0273 −1.0 (−1.3 to −0.7), P < 0.0001
  Versus liraglutide – – −0.7 (−1.0 to −0.4), P < 0.0001
Change at week 6 −0.2 (0.1) −0.6 (0.1) −1.2 (0.1)
  Versus placebo – −0.5 (−0.8 to −0.2), P = 0.0036 −1.0 (−1.3 to −0.7), P < 0.0001
  Versus liraglutide – – −0.5 (−0.9 to −0.2), P = 0.0019
Change from week 3 to week 6 within treatment 
group

−0.2 (−0.3 to 0), P = 0.0429 −0.3 (−0.5 to −0.2), P = 0.0001 −0.2 (−0.3 to 0), P = 0.0545

BIS total score
Baseline 2.3 (0.2) 2.3 (0.2) 2.3 (0.2)
Change at week 3 0.08 (0.03) 0.04 (0.03) −0.02 (0.03)
  Versus placebo – −0.04 (−0.11 to 0.03), P = 0.2414 −0.10 (−0.17 to −0.02), P = 0.0098

  Versus liraglutide – – −0.06 (−0.13 to 0.02), P = 0.1352

Change at week 6 0.06 (0.03) 0.03 (0.03) −0.04 (0.03)

  Versus placebo – −0.04 (−0.11 to 0.04), P = 0.3167 −0.10 (−0.17 to −0.03), P = 0.0084

  Versus liraglutide – – −0.06 (−0.14 to 0.01), P = 0.0868

Data are mean (standard deviation) at baseline, least squares mean (standard error) change from baseline, difference in least squares mean (95% CI) versus placebo and liraglutide, change 
from week 3 to week 6 (95% CI) and median percentage change for energy intake. Statistical tests were conducted using a MMRMs unless stated otherwise. n, number of participants who were 
randomized and received at least one dose of study treatment. aA higher overall appetite score indicates less appetite and a lower score indicates more appetite.

Table 2 (continued) | Energy intake, body weight and eating behavior findings
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high-fat, high-sugar food (FoodHiF/HiS) activation decreased within 
medial frontal gyrus, cingulate gyrus, hippocampus and orbito-
frontal cortex (Fig. 4b and Supplementary Table 9). At week 6, with 
tirzepatide versus liraglutide (but not placebo), FoodHiF/HiS activation 
decreased within medial frontal gyrus, cingulate gyrus and orbito-
frontal cortex (Extended Data Fig. 7B). For liraglutide versus placebo, 
there were no differences in activation to FoodHiF/HiS. Change in high-fat, 
high-carbohydrate (FoodHiF/HiC) activation from baseline to week 3 
or week 6 did not differ between treatment groups within any ROI 

(Extended Data Fig. 8 and Supplementary Table 10). Change in activa-
tion to other food group categories did not differ between treatment 
groups within any ROI (Supplementary Tables 11–14).

Sensitivity analyses
Tirzepatide decreased energy intake at the ad libitum lunch to a 
numerically greater extent in both participants who experienced and 
those who did not experience any nausea or vomiting AEs compared 
to placebo and liraglutide (Supplementary Table 15). A trend toward 
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Fig. 3 | Differences between treatment groups in changes in ingestive behavior 
and impulsiveness. a–f, Data are presented as mean ETD (center) and associated 
95% CIs (whiskers) for change in fasting VAS (a), FCI (b), FCQ-S (c), PFS (d), Eating 
Inventory (e) and BIS (f). ETD was estimated using a MMRMs in all randomized 
participants (placebo, n = 39; tirzepatide, n = 37; liraglutide, n = 38). Statistical 

tests were two-sided at a significance level of 0.05 and no adjustments were 
made for multiplicity. *P < 0.05, **P < 0.01, ***P < 0.001 for comparisons between 
treatment groups. Statistical comparisons including exact P values are provided 
in Table 2 and Supplementary Tables 4–7.
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Previous studies using self-report inventories with selective GLP-1 
RAs, liraglutide and semaglutide have reported effects on ingestive 
behavior7,19,20. One study in adults with obesity found that 16 weeks 
of liraglutide treatment reduced prospective food consumption and 
desire for sweet, salty, savory or fatty foods, and increased fullness, 
relative to placebo20. Another reported that 12 weeks of semaglutide 
treatment decreased overall fasting appetite, fullness, hunger and 
prospective food consumption, but not fasting satiety, relative to 
placebo7. Semaglutide also lowered food cravings, particularly for 
savory foods, and explicit liking and implicit wanting for ‘high-fat and 
non-sweet’ foods but not ‘high-fat and sweet’ foods7. In the present 
study, tirzepatide decreased energy intake, appetite, food cravings, 
disinhibition and reactivity to the food environment in the fasting 
state, and increased satiety and fullness as early as week 3 compared to 
placebo and liraglutide. Tirzepatide was also associated with reduced 
intake of all three macronutrients. There were no differences in VAS 
changes postprandially between groups. This, combined with differ-
ences in the energy intake between groups during the ad libitum lunch, 
suggests that participants in all groups stopped their meal when they 
felt comfortably full rather than for other reasons while still being hun-
gry. These findings are consistent with previous research that found 
decreases in food intake and fasting or premeal appetite ratings, while 
postprandial ratings remained largely the same21.

Tirzepatide reduced food cravings for all food groups (high-fats, 
sweets, carbohydrates and starches, and fast-food fats) except fruits 
and vegetables relative to placebo, and cravings for sweets relative to 
liraglutide. We observed in a separate study that tirzepatide reduced 
overall energy intake during lunch and dinner without selectively 
decreasing intake of certain macronutrients, and these findings were 
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Fig. 4 | Effects on brain activation in response to food cues at week 3 as assessed 
by BOLD fMRI. a,b, Mean images of brain activation at baseline and week 3 (a) and 
least squares mean (standard error) change in BOLD fMRI parameters for highly 
palatable foods versus non-food objects at week 3 (b). c,d, Mean images of brain 
activation at baseline and week 3 (c) and least squares mean (standard error) 
change in BOLD fMRI parameters for high-fat, high-sugar foods versus non-food 
objects at week 3 (d). For each scan and each region, the mean of positive voxels 
was taken within each of the regions separately. The least squares mean was 

estimated using a MMRMs in all randomized participants who had available data 
(placebo, n = 33; tirzepatide, n = 31; liraglutide, n = 34). Statistical tests were two-
sided at a significance level of 0.05 and no adjustments were made for multiplicity. 
No positive voxels (food > non-food) were identified for the ventral striatum; 
therefore, statistical analysis was not done on this region. *P < 0.05 versus placebo 
(high-fat, high-sugar foods versus non-food objects: medial frontal gyrus, 
P = 0.0335; cingulate gyrus, P = 0.0306; hippocampus, P = 0.0221; orbitofrontal 
cortex, P = 0.0321).

a slightly higher reduction in energy intake was observed for those 
who experienced nausea or vomiting in the tirzepatide group but the 
opposite was observed in the liraglutide group. Only two participants 
reported nausea or vomiting in the placebo group. The overall study 
conclusions were similar when participants who experienced nausea 
or vomiting were excluded.

Post hoc analyses
Tirzepatide was associated with decreased intake of all macronutrients 
(fat, carbohydrate and protein) at the ad libitum lunch versus placebo 
and liraglutide at both week 3 and week 6 (Supplementary Table 16). 
Liraglutide was associated with decreased intake of all macronutrients 
compared to placebo at both week 3 and week 6.

Discussion
We investigated early adaptative changes in appetite, ingestive behav-
ior and brain appetite circuits during tirzepatide treatment. Tirzepatide 
reduced energy intake and was associated with reduced intake of all 
three macronutrients at the ad libitum lunch at week 3 compared with 
placebo and liraglutide. At week 6, participants in the tirzepatide group 
had a 72% reduction in energy intake at lunch compared to baseline. 
BOLD activation to high-fat, high-sugar foods in CNS regions modulat-
ing appetite decreased with tirzepatide compared to placebo at week 3  
and compared to liraglutide at week 6. In the fasting state, when the 
drive to eat is enhanced, tirzepatide decreased overall appetite and 
affected multiple domains of appetite and ingestive behavior, with the 
exception of cognitive restraint. No selective changes in food prefer-
ences were detected, as food intake reductions were similar across 
macronutrients.
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regions between these differing weight loss modalities suggest a com-
mon neurobiological pathway for weight loss treatment effects. How-
ever, unlike tirzepatide and surgery, caloric restriction led to increases 
rather than decreases in food cue responses, likely due to the neuroen-
docrine modulation that is specific to tirzepatide and surgery-related 
weight loss, but not to caloric restriction. Considering our results in 
the context of these findings, we speculate that tirzepatide impacts 
activation within brain regions implicated in the motivating value of 
foods, particularly highly palatable high-fat, high-sugar foods, contrib-
uting to lower energy intake. The findings of tirzepatide fMRI effects in 
response to FoodHiF/HiS cues is also supported by findings of tirzepatide 
effects on self-reported cravings for sweets, fats and fast-food fats with 
the FCI. Notably, the FoodHiF/HiS category of the Macronutrient Picture 
System paradigm (for example, cakes, cookies and candy bars)49 is 
very similar to the ‘sweets’ FCI subscale (for example, brownies, cook-
ies, candy and chocolate). These findings align with both preclinical 
studies using high-fat diets, which are high in both fat and sugar, and 
human fMRI studies describing neurobehavioral impacts of high-fat, 
high-sugar diets in implicating reward system responses to high-fat, 
high-sugar stimuli as a key phenotype contributing to overeating and 
weight gain50,51.

It is important to interpret the robustness of the fMRI findings in 
the context of the multiple comparisons that were performed across 
stimulus contrasts, regions and time points. While there were reduc-
tions in activation with tirzepatide relative to placebo in response to 
FoodHiF/HiS cues in several ROIs at week 3, there were no differences 
relative to placebo at week 6. Though numerically larger reductions in 
activation relative to baseline at week 6 were observed in the tirzepa-
tide group compared to week 3, we speculate that differences between 
tirzepatide and placebo may have been attenuated due to task habitu-
ation, since activation was reduced relative to baseline in the placebo 
group at week 6 in most ROIs. Given the statistical limitations of the 
findings due to the nature of multiple comparisons, voxel-wise analy-
ses and further fMRI studies are needed to support, replicate and 
extend our findings.

Study strengths include the randomized trial design comprising 
a blinded placebo control and an active GLP-1 RA control, liraglutide. 
BOLD fMRI harmonization among several sites was successfully imple-
mented, assessed and monitored by an external MRI organization. This 
study employed non-invasive dynamic recordings of brain activity 
and examined ingestive behavior and regional brain activation with 
tirzepatide in humans.

There were several study limitations. First, the absence of a blinded 
comparison to a long-acting GLP-1 RA. Once-daily liraglutide 1.8 and 
3 mg was selected as the GLP-1 RA control instead of once-weekly sema-
glutide because of prior fMRI data for liraglutide11–13 and an approved 
titration scheme52 compatible with our study duration, unlike the 3 
to 5 months required for semaglutide 1 mg or 2.4 mg (ref. 53). Lira-
glutide was open-label due to differences in autoinjectors and daily 
administration schedule. Second, a lack of sex parity in the study, a 
common occurrence in obesity trials54, albeit one that reflects the treat-
ment population. There was also an imbalance in sex across treatment 
groups, with more males in the liraglutide group (34%) compared to 
the other groups (<10% in each). This study was not designed to test 
the effects of sex but future studies into the potential effects of sex on 
the effect of tirzepatide on energy intake and eating behaviors are war-
ranted. Third, this study was principally designed to detect treatment 
effect of the primary outcome. Since type 1 error rate adjustments 
were not made for multiple comparisons, the results of these multiple 
comparisons were evaluated with consideration of consistency with 
findings within the study, as well as those from literature, and their 
interpretation should be taken with caution. Fourth, highly palatable 
foods were selected based on US food preferences that may not be 
generalizable to other nations. We also acknowledge individual vari-
ation in perceived palatability that our design was unable to capture. 

supported by the reduction in cravings for foods across all but one food 
group (fruits and vegetables)16. These findings, which are consistent 
with the current study, demonstrate how tirzepatide reduces appetite 
and the drive to eat foods from almost all food categories.

Taken together, our findings indicate that tirzepatide effectively 
reduced drive to eat, as well as food-cue-driven and other-cue-driven 
eating behavior. It also seems that the impact of tirzepatide on mod-
ulating appetite and cravings may be greater and potentially more 
sustained than that of selective GLP-1 RAs. This may be due to the 
GIP receptor activity of tirzepatide, as shown in preclinical studies22. 
Although there are no approved selective GIP RAs in clinical use, stud-
ies comparing tirzepatide to selective GIP RAs may provide additional 
insights into the contribution of GIP receptor activation in humans. 
Importantly, tirzepatide was not found to affect cognitive restraint, 
which may distinguish it from other weight reduction interventions 
where increased volitional cognitive restraint appears to be an impor-
tant component in restricting energy intake to lose weight23–25.

Evidence suggests that some individuals seeking weight loss, for 
example, those with binge eating behaviors26,27, experience behavioral 
symptoms (cravings and continued use despite harm) and neurological 
mechanisms (disruptions of inhibitory control and reward sensitivity) 
that parallel substance use disorders28. Selective GLP-1 RAs have been 
shown to reduce impulsive and addictive behaviors in preclinical mod-
els, including intake of alcohol and drugs of abuse29,30. In human retro-
spective cohort studies, semaglutide reduced alcohol, tobacco31 and 
cannabis32 use. Here we report that tirzepatide reduced self-reported 
impulsiveness, as did liraglutide for some factors. This suggests that 
these compounds may reduce impulsiveness more generally, though 
further data on GLP-1 RA effects for impulsive choices based on craving 
for other substances must be evaluated.

CNS responses to food following tirzepatide treatment are criti-
cal for understanding the effects of tirzepatide on ingestive behavior. 
Evidence suggests that activation within brain reward and appetite 
regions in response to food cues, measured using BOLD fMRI, may 
influence eating behavior following weight reduction leading to weight 
regain33–35. Earlier GLP-1 RA fMRI studies have reported short-term 
reductions in brain responses to food cues localized to the amygdala 
and insula with exenatide8,9, and to the insula and putamen with liraglu-
tide10. Conversely, longer-term use of liraglutide has been associated 
with increases in orbitofrontal activation13, or attenuation of short-term 
treatment effects on brain responses11,12. The 3- and 6-week assess-
ments in the present study align closely to the assessment time points 
in two of these previous liraglutide studies, which showed differential 
impacts of liraglutide on brain responses to food cues after 17 days10 
and 5 weeks of treatment13.

In this study, tirzepatide reduced brain activation in response 
to FoodHiF/HiS cues in the orbitofrontal cortex, cingulate gyrus, hip-
pocampus and medial frontal gyrus. The orbitofrontal cortex plays a 
role encoding satiety and food reward value36–39, and functional con-
nectivity of the orbitofrontal cortex to other regions is associated 
with differential preferences for sweet foods and positively correlated 
with body mass index (BMI)28. Sweet-taste-related activation of the 
anterior cingulate gyrus has been associated with sweet food intake at 
a subsequent ad libitum test meal40,41. The parahippocampal gyrus is 
involved in hedonic feeding and incentive motivation processes driven 
by emotional memory28. The medial frontal gyrus plays a role in volun-
tary behavior, either self-generated or self-reflective42–45. Modulation 
of activity in these regions, all of which are implicated in the regulation 
of food intake, could therefore plausibly play a role in the effectiveness 
of tirzepatide.

Prior studies of weight loss by caloric restriction have identified 
treatment effects on CNS responses to food cues in the orbitofrontal 
cortex, medial frontal gyrus and anterior cingulate gyrus46,47. Bariatric 
surgery studies have identified reductions on food cue responses in 
medial frontal and orbitofrontal regions48. Convergence in affected 
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Palatability of food was not specifically tested. Fifth, use of the same 
food cue stimuli at each fMRI visit creates a potential order effect, as 
participants may habituate with repeated exposure, potentially reduc-
ing ability to detect treatment effects at later follow ups, though all 
groups would experience such habituation. Sixth, this study was of 
shorter duration than efficacy trials. Studies with longer-term therapy 
at maximum maintenance doses could elucidate further changes in 
ingestive behaviors while minimizing contributions of gastrointestinal 
effects and examine potential habituation and brain plasticity effects 
with extended therapy. Seventh, although our findings suggest an 
added contribution from GIP receptor agonism, since neither a selec-
tive GIP RA or antagonist are currently available for use in humans, it 
was not possible to differentiate between neurobiological effects of 
GIP and GLP-1 receptor activation.

Pharmacotherapies like GLP-1 RAs and tirzepatide will likely be a 
strong contributor to the management of obesity. Understanding the 
neurobiological mechanisms that underpin tirzepatide’s impact on 
energy intake are critical for its effective use and in the development of 
future therapies. We found that after 3 weeks of treatment, tirzepatide 
reduced energy intake relative to placebo. One key mechanism under-
lying tirzepatide’s efficacy may be to modify ingestive behaviors by 
impacting responsivity of brain appetite circuits in particular toward 
high-fat and high-sugar foods.
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Methods
Study design
This phase 1, randomized, parallel design, partially-blinded, placebo- 
controlled study with a positive control (liraglutide) was conducted at 
three study centers in the United States. The study consisted of four 
periods: a screening period of approximately 5 weeks, a 5-day lead-in 
period, a 6-week treatment period and a 4-week safety follow-up period 
(Fig. 1b). The study was approved by institutional review boards at each 
site (Pennington Biomedical Research Center Institutional Review 
Board, Human Research Protection Program Office of Research Com-
pliance Indiana University and Johns Hopkins Institutional Review 
Board). The study was conducted in accordance with the Declaration 
of Helsinki and International Conference on Harmonization Good 
Clinical Practice guidelines. All participants provided written informed 
consent before participating in the study. This study is registered with 
ClinicalTrials.gov, NCT04311411.

Once-daily liraglutide 1.8 and 3 mg was selected as the GLP-1 RA 
control instead of a newer, once-weekly, selective GLP-1 RA, like sema-
glutide to investigate the early changes in ingestive behavior for the 
following reasons: available prior data for food intake, ingestive behav-
ior questionnaires and fMRI6,11–13; and an approved titration scheme52, 
compatible with our study duration, unlike the 3 to 5 months required 
for semaglutide 1 mg or 2.4 mg (ref. 53).

Participants
Male and female adults (18 to 65 years) were eligible for inclusion if 
they had a BMI of 27 to 50 kg per m2 and stable weight in the last month 
(no weight change of >4 kg). Exclusion criteria included diagnosis of 
any form of diabetes or glycated hemoglobin ≥6.5% at screening, and 
contraindications to undergoing MRI. Full inclusion and exclusion 
criteria are provided in the Supplementary Information. Patients were 
screened and enrolled irrespective of their sex. Sex was self-reported 
by participants.

Randomization and masking
Participants were randomized 1:1:1 to receive tirzepatide, liraglutide 
or placebo, using a randomization table with treatment codes. Ran-
domization was stratified by baseline BMI (27 to <30, 30 to <35 and 
35 to 50 kg per m2) within each site. The sponsor, investigators and 
participants were blinded to tirzepatide and placebo treatment but 
liraglutide treatment was open-label. Therefore, the study was con-
sidered partially blinded.

Procedures
Tirzepatide and placebo were administered subcutaneously 
once-weekly at the study centers. Tirzepatide was administered at 
5 mg for the first 3 weeks followed by 10 mg for the next 3 weeks. Lira-
glutide was self-administered once-daily by participants at home for 
38 days. Liraglutide was initiated at 0.6 mg and escalated weekly by 
0.6 mg until a dose of 3 mg was reached at week 5 and maintained for 
the remainder of the study.

Assessments, including an energy intake test, ingestive behavior 
questionnaires and BOLD fMRI, were conducted at baseline (lead-in), 
week 3 and week 6. Energy intake was assessed by a clinic-based, 
multi-item, ad libitum lunch test meal. Multiple dimensions of inges-
tive behavior were assessed by questionnaires. Subjective appetite 
was assessed via VAS before and after the test meal (participants rated 
feelings at that moment) and retrospectively over the study (partici-
pants rated average feelings over the previous week). The appetite 
VAS questionnaire measured hunger, satiety, fullness, prospective 
food consumption (questions 1 to 4) and desire for specific food 
groups (questions 5 to 8). An overall appetite score was calculated as 
the average of the four individual scores for questions 1 to 4. A higher 
overall appetite score indicated lower appetite. We also assessed crav-
ings for specific food types via the FCI; state cravings via the FCQ-S; 

disinhibition, hunger and cognitive restraint via the Eating Inventory; 
and susceptibility to food environment via the PFS. Impulsiveness 
was assessed with the BIS, which includes an overall score and has six 
first-order factors (attention, cognitive stability, motor, perseverance, 
self-control and cognitive complexity) and three second-order factors 
(attentional, motor and non-planning). Attempts were made for ques-
tionnaires to be completed in a fasted state shortly after arrival to the 
study site except for the appetite VAS that was completed immediately 
before and after the test lunch. Further details on the ad libitum meal 
test and behavior questionnaires are provided in the supplementary 
information.

For BOLD fMRI, a Macronutrient Picture System paradigm 
validated for characterizing activation of brain regions implicated 
in appetite and food reward in response to food images was used49. 
Participants underwent BOLD fMRI while viewing photographs55 of 
non-food objects and foods from various categories56. The same set 
of photographs was viewed at each scanning visit. Food photographs 
were grouped into six food categories with 15 photographs in each56. 
High-fat and high-sugar (FoodHiF/HiS—for example, cakes, cookies and 
candy bars) and high-fat and high-carbohydrate (FoodHiF/HiC—for exam-
ple, French fries, potato chips and cheese pizza) foods were aggregated 
into a highly palatable food category (FoodHiPal). Findings presented 
here focus on responses to FoodHiPal and its components with change 
in brain activation from baseline to week 3 prespecified as a secondary 
objective. For each food category, BOLD activation was measured in 
nine a priori-defined brain ROIs based on the automated anatomical 
labeling atlas, as described in a prior study49. The insula, medial frontal 
gyrus, superior temporal gyrus, precentral gyrus and cingulate gyrus 
were assessed as the principal brain reward ROIs, and the hippocampus, 
putamen, orbitofrontal cortex and ventral striatum were assessed as 
exploratory ROIs (Extended Data Fig. 9). These ROIs were selected 
based on previous reports of changes in those regions with the use of 
GLP-1 RAs and/or previous evidence of linkage to intake regulation and 
food reward8,13,36–38,40,42–45. Mean BOLD activation (food > non-food) of 
voxels within each prespecified ROI served as the dependent variable. 
BOLD fMRI acquisition and methodology is described in detail below. 
No voxels were identified as having a positive contrast between food 
cue images and non-food objects in the ventral striatum; therefore, 
statistical analysis was not done on this region.

fMRI
Food image task paradigm. Participants were required to complete 
the food cue image task during the BOLD fMRI scan. The food cue 
image task was developed using images from the food-pics data-
base55. Ninety food images across sweet and savory tastes, high- and 
low-energy density and varied macronutrient composition were 
included along with 15 images of non-food objects (for example, eve-
ryday household objects). Macronutrient categories56 were made by 
categorizing each food as low-fat versus high-fat (<30% versus >30%); 
low-sugar versus high-sugar (<30% versus >30%); low-carbohydrate 
versus high-carbohydrate (<30% versus >30%) and low-protein versus 
high-protein (<30% versus >30%).

This resulted in six food categories with 15 photos in each: (1) 
high-fat and high-sugar (FoodHiF/HiS); (2) high-fat and high-carbohydrate 
(FoodHiF/HiC); (3) high-fat and low-carbohydrate and high-protein; (4) 
high-sugar and low-fat; (5) low-fat and high-carbohydrate; and (6) 
low-fat and low-carbohydrate and high-protein.

Color images viewed were 600 × 450 pixels in size and pictured one 
food on a white background. Among the six food categories, FoodHiF/

HiS and FoodHiF/HiC were aggregated to make the highly palatable food 
category (FoodHiPal). Low-fat and low-carbohydrate and high-protein 
foods were referred to as not highly palatable foods. The scan duration 
was 20.5 min and consisted of seven blocks with six interblock rest 
intervals. In each trial of the task, one food photo was displayed for 5 s 
followed by 0.5 s of a fixation crosshair. Next, the same image scaled 
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to 80% of the original size was shown with the words ‘How much do 
you want to eat this?’ for 2.5 s. A slider bar with ‘Not at all’ and ‘Want 
very much’ on the left and right was used to rate preference for food. 
A fixation crosshair was then displayed for a minimum of 1.5 s before 
the next trial. There were 15 trials in total (that is, 15 photos) per block 
and 14 intertrial intervals per block.

Scanning parameters. Imaging was performed on four different 
3T MRI scanners (Siemens Prisma Fit at Indiana University School of 
Medicine, Siemens Prisma at Purdue University, GE Discovery 750w at 
Pennington Biomedical Research Center and a Philips Ingenia Elition X 
at Johns Hopkins University). MRI scans were acquired using a uniform 
scanning protocol that minimized and accounted for between-site dif-
ferences in MRI systems. Task-based BOLD fMRI acquisition parameters 
included repetition time of 3,000 ms, echo time of 30 ms, flip angle of 
90°, slice thickness of 3.5 mm and 64 × 64 pixels image matrix. Physi-
ologic (respiratory and cardiac) time courses were acquired simultane-
ously with imaging data using a lap belt and pulse oximeter. In addition 
to the fMRI sequence, a three-dimensional T1-weighted sequence (GE, 
three-dimensional Sagittal T1 IR-prepped fast SPGR; Philips, TFE; Sie-
mens, MP-RAGE) was also acquired to delineate the predefined ROIs 
as well as to aid in preprocessing of the fMRI images.

fMRI processing. Preprocessing of fMRI data in Statistical Parametric 
Mapping 12 (SPM12) included slice-timing correction, head-motion 
correction, smoothing and warping to a standard coordinate frame. 
Data were then entered into a first-level voxel-wise analysis with each 
trial modeled as a boxcar function that covers the time when the large 
image is viewed. The boxcar function was convolved with the canonical 
hemodynamic response function with additional regressors for head 
motion, artifact detection and physiologic recordings. Functional 
scans were analyzed in the context of the general linear model. Highly 
palatable food, non-food objects and individual food categories were 
modeled separately. To assess brain activation related to viewing food 
pictures, the contrast between highly palatable foods and non-food 
objects was computed. Additionally, the contrast between individual 
food categories and non-food objects was computed. Average BOLD 
contrast (food > non-food) in each of the nine areas associated to 
the brain reward was reported (insula, medial frontal gyrus, superior 
temporal gyrus, precentral gyrus, cingulate gyrus, hippocampus, 
putamen, orbitofrontal cortex and ventral striatum). The nine ROIs 
were defined according to the automated anatomical labeling atlas 
as previously described49,57.

Outcomes
The primary objective was to compare change from baseline to week 
3 in energy intake during ad libitum test meals for tirzepatide and 
placebo. Secondary objectives were change from baseline to week 3 
for tirzepatide versus placebo in fasting and postprandial appetite 
VAS ratings, FCI, FCQ-S, Eating Inventory, PFS questionnaire ratings 
and BOLD activation to photos of FoodHiPal (FoodHiF/HiS and FoodHiF/HiC)  
relative to non-food during the fasting state in the prespecified princi-
pal reward ROIs. Exploratory objectives included changes in the above 
measures from baseline to week 6 for tirzepatide versus placebo and 
from baseline to week 3 and to week 6 for tirzepatide versus liraglutide 
and liraglutide versus placebo. Additional exploratory objectives 
included change from baseline in the BIS and in BOLD activation to 
FoodHiPal (FoodHiF/HiS and FoodHiF/HiC) relative to non-food in the pre-
specified exploratory ROIs. Safety endpoints included AEs and safety 
laboratory parameters.

Statistical methods
A total of 111 participants were planned to be randomized so that 93 par-
ticipants (31 per treatment group) would complete the study. This sam-
ple size provides at least 80% power for the comparison of tirzepatide 

versus placebo for the change in energy intake during ad libitum test 
meals (primary outcome) based on a two-sample t-test at an alpha 
level of 0.05, given an expected treatment difference of 212 kcal and 
an assumed common standard deviation of 289 kcal for the change in 
energy intake from baseline. The primary outcome was analyzed using 
an analysis of covariance with treatment as fixed effect, and baseline 
BMI stratum and baseline energy intake as covariates.

No multiplicity adjustments were made in assessing secondary 
parameters. All secondary and exploratory parameters were assessed 
with reference to a two-sided 0.05 alpha level. Changes in efficacy 
parameters from baseline to week 3 and week 6 and changes from week 
3 to week 6 were analyzed using a MMRMs with treatment, baseline BMI 
stratum, time point (of measurement) and treatment-by-time-point 
interaction as fixed effects, baseline value as a covariate and partici-
pant as a random effect. Scanner ID was also included in the model 
for BOLD fMRI parameters. Food cue task fMRI data were quality 
controlled and processed by an independent imaging core lab as per 
a previous paper49.

Analyses were conducted with data from randomized participants 
using all available evaluable data. Analyses were carried out using SAS 
Enterprise Guide v.8, unless stated otherwise. The number of patients 
who completed each assessment at each time point is shown in Sup-
plementary Table 17.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
Data from the analyses in this study cannot be shared publicly due to the 
sponsor’s (Eli Lilly and Company) contractual obligations. Eli Lilly and 
Company provides access to all individual participant data collected 
during the trial, after anonymization, except for pharmacokinetic or 
genetic data. Data are available to request 6 months after the indica-
tion studied has been approved in the United States and European 
Union and after primary publication acceptance, whichever is later. No 
expiration date of data requests is currently set once data have been 
made available. Access is provided after a proposal has been approved 
by an independent review committee identified for this purpose and 
after receipt of a signed data-sharing agreement. Data and documents, 
including the study protocol, statistical analysis plan, clinical study 
report and blank or annotated case report forms, will be provided 
in a secure data-sharing environment. For details on submitting a 
request, see the instructions provided at www.vivli.org. Contact the 
corresponding author for details on submitting a request. Source data 
are provided with this paper.
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Extended Data Fig. 1 | Changes in energy intake. Data are least squares mean (standard error) from mixed-model repeated measures for change in energy intake at 
week 3 and 6 in all randomized participants (placebo, n = 39; tirzepatide, n = 37; liraglutide, n = 38).
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Extended Data Fig. 2 | Changes in ingestive behaviour at week 3. Data are least 
squares mean (standard error) from mixed-model repeated measures for change 
in A) pre-lunch appetite VAS scores, B) Food Craving Inventory, C) Food Craving 

Questionnaire-State, D) Eating Inventory, and E) Power of Food Scale, at week 3 
in all randomized participants (placebo, n = 39; tirzepatide, n = 37; liraglutide, 
n = 38). VAS=visual analogue scale.
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Extended Data Fig. 3 | Number of nausea and vomiting AEs reported by participants receiving tirzepatide over time. AEs were classed as mild (shown in green), 
moderate (shown in orange), or severe (shown in red) in all participants randomized to tirzepatide (n = 37). AE=adverse events.
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Extended Data Fig. 4 | Changes in ingestive behaviour at week 6. Data are least 
squares mean (standard error) from mixed-model repeated measures for change 
in A) pre-lunch appetite VAS scores, B) Food Craving Inventory, C) Food Craving 

Questionnaire-State, D) Eating Inventory, and E) Power of Food Scale, at week 6 
in all randomized participants (placebo, n = 39; tirzepatide, n = 37; liraglutide, 
n = 38). VAS=visual analogue scale.
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Extended Data Fig. 5 | Differences between treatment groups in changes in 
Barratt Impulsiveness Scale scores. Data are presented as mean ETD (centre) 
and associated 95% CIs (whiskers) for change in Barratt Impulsiveness Scale 
scores. ETD was estimated using an MMRM in all randomized participants 
(placebo, n = 39; tirzepatide, n = 37; liraglutide, n = 38). Statistical tests were 

two-sided at a significance level of 0.05, and no adjustments were made 
for multiplicity. *p < 0.05, **p < 0.01, ***p < 0.001 for comparisons between 
treatment groups. Statistical comparisons including exact p-values are provided 
in Table S7. ETD = estimated treatment difference.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Baseline brain activation as assessed by BOLD fMRI. 
Mean BOLD fMRI parameter activation at baseline for A) highly palatable foods vs 
non-food objects, B) high-fat/high-sugar foods vs non-food objects, and C) high-
fat/high-carbohydrate foods vs non-food objects in all randomized participants 
who had available data (placebo, n = 33; tirzepatide, n = 31; liraglutide, n = 34). 

For each scan and each region, the mean of positive voxels was taken within each 
of the regions separately. No positive voxels (Food > Non-food) were identified 
for the ventral striatum; therefore, statistical analysis was not done on this 
region BOLD=blood oxygenation level dependent; fMRI=functional magnetic 
resonance imaging.
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Extended Data Fig. 7 | Effects of highly palatable and high-fat/high-sugar 
foods versus non-food objects on brain activation at week 6 as assessed by 
BOLD fMRI. A) Mean images of brain activation at baseline and week 6 and B) 
least squares mean (standard error) change in BOLD fMRI parameters for highly 
palatable foods vs non-food objects at week 6. C) mean images of brain activation 
at baseline and week 6 and D) least squares mean (standard error) change in 
BOLD fMRI parameters for high-fat/high-sugar foods vs non-food objects at 
week 6. For each scan and each region, the mean of positive voxels was taken 
within each of the regions separately. The least squares mean was estimated 

using an MMRM in all randomized participants who had available data (placebo, 
n = 33; tirzepatide, n = 31; liraglutide, n = 34). Statistical tests were two-sided 
at a significance level of 0.05, and no adjustments were made for multiplicity. 
No positive voxels (Food > Non-food) were identified for the ventral striatum; 
therefore, statistical analysis was not done on this region. †p < 0.05 vs liraglutide 
(medial frontal gyrus, p = 0.0156; cingulate gyrus, p = 0.0486; orbitofrontal 
cortex, p = 0.0219). BOLD=blood oxygenation level dependent; fMRI=functional 
magnetic resonance imaging.
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Extended Data Fig. 8 | Effects of high-fat/high-carbohydrate food versus non-
food objects on brain activation at week 3 and week 6 as assessed by BOLD 
fMRI. Least squares mean (standard error) change in BOLD fMRI parameters 
for high-fat/high-carbohydrate food vs non-food objects A) at week 3 and B) 
at week 6. For each scan and each region, the mean of positive voxels was taken 
within each of the regions separately. The least squares mean was estimated 

using an MMRM in all randomized participants who had available data (placebo, 
n = 33; tirzepatide, n = 31; liraglutide, n = 34). Statistical tests were two-sided 
at a significance level of 0.05, and no adjustments were made for multiplicity. 
No positive voxels (Food > Non-food) were identified for the ventral striatum; 
therefore, statistical analysis was not done on this region. BOLD=blood 
oxygenation level dependent; fMRI=functional magnetic resonance imaging.
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Extended Data Fig. 9 | Brain regions of interest. Map of the prespecified brain 
regions of interest for BOLD fMRI. The dashed box shows the brain slice displayed 
in the results figures. No difference in signal was detected for the ventral striatum 

at baseline, week 3, or week 6; therefore, statistical analysis was not conducted 
for this brain region and this region is not shown. BOLD=blood oxygenation level 
dependent; fMRI=functional magnetic resonance imaging.
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Extended Data Table 1 | Summary of adverse events

Placebo 
(n=39) 

Liraglutide 
(n=38) 

Tirzepatide 
(n=37) 

TEAEs 17 (44%) 25 (66%) 30 (81%) 

Mild 14 (36%) 22 (58%) 26 (70%) 

Moderate 6 (15%) 5 (13%) 14 (38%) 

Severe 0  1 (3%) 2 (5%) 

Serious adverse events 0  1 (3%) 0 

Discontinuation due to adverse event 2 (5%) 2 (5%) 3 (8%) 

Injection site reaction TEAEs 2 (3%) 19 (13%) 10 (16%) 

TEAEs reported by >10 participants 

Nausea 2 (5%) 11 (29%) 19 (51%) 

Vomiting  1 (3%) 4 (11%) 11 (30%) 

Headache 3 (8%) 3 (8%) 7 (19%) 

Constipation  0 5 (13%) 7 (19%) 

Data are number of participants (%) with adverse events in all randomized participants who received ≥1 dose of study treatment. TEAE=treatment-emergent adverse event.
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