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Introduction
Sexual arousal and desire are fundamental physiological processes 
in humans and are designed to drive sexual activity and ultimately 
reproduction at a population level. The presence of sexual arous-
al and desire relies on complex pathways involving endocrine and 
neural factors (1–6). In psychosexual disorders, these physiological 
processes and associated pathways are frequently disrupted (7).

Hypoactive sexual desire disorder (HSDD) is characterized by 
a persistent or recurrent deficiency of sexual fantasies and desire 
for sexual activity, resulting in marked distress and interpersonal 
difficulties (8). The disorder is not due to a coexisting medical or 
psychiatric condition, problems with the relationship, or the effects 
of a medication or drug substance. Acquired HSDD develops in 
an individual who previously had no problems with sexual desire, 
while generalized HSDD occurs regardless of the type of stimula-
tion, situation, or partner (7). Critically, up to 10% of women suf-
fer from HSDD (9, 10), making it the most prevalent global female 
sexual health complaint. However, despite its substantial social and 
economic burden (11, 12), the precise underlying neural dysregula-
tion in HSDD remains unclear. One recent meta-analysis identified 
a pattern of hypoactivation in lower-level, evolutionarily ancient 
subcortical brain regions (such as the striatum and thalamus) 
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(20-second) videos containing erotic scenes and exercise scenes 
as control stimuli. Additionally, we used a “naturalistic” fMRI 
paradigm (23) consisting of a continuous 10-minute “long” video 
of erotic content to investigate changes in functional connectivi-
ty within the sexual response network in comparison with a rest-
ing-state scan as a control.

Results
Participant baseline characteristics. The CONSORT flow diagram 
is shown in Figure 2. The baseline characteristics of the 31 wom-
en with HSDD who completed both study visits (MC4Ra and 
placebo administration) are shown in Supplemental Table 1 (sup-
plemental material available online with this article; https://doi.
org/10.1172/JCI152341DS1).

MC4Ra increased sexual desire. To provide information for the full 
post-administration period, participants were contacted 24 hours 
after each study visit and asked if they had experienced increased 
sexual desire in the 24 hours since administration of MC4Ra or 
placebo (with the investigator and participant blinded to the agent 
given). A significantly larger number of the participants reported 
increased sexual desire following MC4Ra administration compared 
with those who received the placebo (P = 0.007) (Figure 3).

The designed tasks were effective in eliciting responses to erotic  
stimuli. Averaging across both treatments and time conditions (scan 
1 and scan 2) to see the general effects of the short videos task (erot-
ic compared with exercise) identified a pattern of brain activation 
(see Supplemental Figure 1) consistent with that seen in previous 
studies using similar stimuli (24). There was strong activation in the 
visual cortex, cerebellum, striatum, and several dorsal sensorimotor 
regions. This analysis served to validate our experimental procedures 
by validating the tasks as effective in testing sexual brain activation.

MC4Ra enhanced cerebellar and supplementary motor area 
brain activity and decreased activity in the secondary somatosensory 

involved in the sexual response, with a corresponding hyperactiva-
tion in higher-level, more recently evolved cortical regions involved 
in self-monitoring (13). These findings suggest a neurofunctional 
hypothesis of HSDD, in which excessive “top-down” brain monitor-
ing and evaluation of the sexual response may impede or prevent 
normal sexual functions.

There is growing evidence that the melanocortin system is 
involved in the neuroendocrine regulation of sexual behavior (14). 
Importantly, preclinical animal models suggest that the mela-
nocortin 4 receptor (MC4R) influences sexual function, with its 
expression observed in a number of relevant brain regions (15–17).

Recently, a novel MC4R agonist (MC4Ra) (18) has been shown 
to enhance sexual desire in women with HSDD (19, 20) and has 
been licensed by the FDA for clinical use in premenopausal wom-
en with HSDD (21). However, the neural substrates through which 
MC4R agonists mediate their effects on sexual desire are currently 
unknown. Understanding the mechanism by which MC4R ago-
nists mediate their effects on sexual behavior is important, not only 
for the ongoing development of melanocortin-based therapies for 
psychosexual disorders but also for obesity medicine, where relat-
ed MC4R agonists are rapidly being developed (22).

To determine the mechanism by which MC4R agonists medi-
ate their effects on sexual behavior, we used psychometric, func-
tional magnetic resonance imaging (fMRI), and hormonal anal-
yses to investigate the effects of MC4Ra on brain responses to 
erotic stimuli and related psychometric and hormonal parameters 
in women with HSDD. MC4Ra and placebo were administered 
on different study days to 31 premenopausal heterosexual women 
with HSDD (2 study visits each). We assessed the effects on sexual 
brain processing using psychometric, neuroimaging, and hormon-
al analyses in a randomized, double-blinded, placebo-controlled 
crossover study (Figure 1). To evaluate brain activation in the par-
ticipants, we used a standard fMRI block design task, with short 

Figure 1. Experimental protocol. A final group of 31 premenopausal women with HSDD participated in a randomized, double-blinded, 2-way crossover, place-
bo-controlled study. They attended 2 study visits each: 1 for subcutaneous administration of MC4Ra and 1 for subcutaneous administration of an equivalent 
volume of placebo in random order. Blood samples were taken at the time points shown (denoted with an “X”). Participants underwent 2 fMRI scans and 
completed baseline, inter-scan, and post-scan psychometric questionnaires (denoted with an inverted triangle▼). Participants underwent two 60-minute 
scans per study visit, scan 1 at t = 45 minutes and scan 2 at t = 240 minutes, to cover the whole time course of possible objective and subjective responses 
to MC4Ra, which are known to occur from 45 minutes onward. Each 60-minute fMRI scan period included the following types of scans and tasks: anatom-
ical and T2 proton density (to evaluate any structural abnormality and for subsequent anatomical location); resting state (to evaluate regional interactions 
that occur in a task-negative state, when an explicit task is not being performed); 20 × 20-second “short” erotic videos with 20 × 20-second exercise control 
videos, a 10-minute “long” erotic video, and an fMRI control task (to identify and control for global vascular or systemic effects of MC4R agonism).
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bilaterally following MC4Ra administration compared with pla-
cebo (Figure 4 and Supplemental Table 2). The short video erot-
ic-exercise contrast during scan 2 revealed enhanced activation of 
the supplementary motor area (SMA) following MC4Ra treatment 
compared with placebo (Figure 5 and Supplemental Table 2).

The reduction of functional connectivity between the amygdala and 
the insula in response to erotic stimuli was prevented by MC4Ra admin-
istration. Functional connectivity refers to the similarity between the 
activity of brain regions over time. Regions with similar temporal 

cortex in response to erotic stimuli. The short video task consisted of 
20-second erotic videos (depicting 1 man and 1 woman engaging 
in vaginal sex), alternating with neutral, nonerotic videos (depict-
ing a man and woman engaged in exercise) as a control. In the 
erotic-versus-exercise (erotic-exercise) contrast during scan 1, 
premenopausal women with HSDD demonstrated enhanced acti-
vation in the right cerebellum (lobules V and VI) following MC4Ra 
administration compared with placebo. In the same contrast, we 
observed deactivation in the secondary somatosensory cortex (S2) 

Figure 2. CONSORT flow diagram. Per-protocol analysis included all women with HSDD who appropriately completed both study visits, receiving both 
MC4Ra and placebo (final total, n = 31).

Figure 3. More participants reported increased sexual desire following MC4Ra administration compared with placebo. Participants were contacted 
24 hours after MC4Ra or placebo administration and asked if they had experienced increased sexual desire. Data compare participants who reported an 
increase in desire with placebo (n = 8) and participants who reported an increase in desire with MC4Ra (n = 21). Three participants reported an increase in 
desire on both visits, and 5 women reported no increase in desire on either visit. A McNemar test conducted on the 2 × 2 contingency table comparing the 
4 possible outcomes showed that an increase in desire on MC4Ra alone was significantly different from the other 3 outcomes **P ≤ 0.01, n = 31.

https://doi.org/10.1172/JCI152341
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significant differences in the patterns of functional connectivity 
within this predefined network of sexual function ROIs when the 
participants watched a long erotic video compared with the resting 
state, and between MC4Ra compared with placebo. We examined 
these differences using 2 (MC4Ra vs. placebo) by 2 (long erotic 
video vs. resting state) ANOVAs, which allowed the comparison 
of main effects (i.e., effects of the drug, independent of the task 

profiles are often functionally related and coordinate their activity 
in networks to perform particular functions (25). Previous work has 
also identified alterations in functional connectivity within the sexu-
al response network in dysfunctional sexual behaviors (26).

We predefined a network of sexual function regions of interest 
(ROIs) that included the amygdala, the hypothalamus, the insu-
la, the precentral gyrus, the striatum, and the thalamus. We noted 

Figure 4. MC4R agonism enhances cerebellar activity and deactivates the S2 in response to erotic stimuli (scan 1, short video task). Red/yellow areas 
show relative activation in response to erotic versus exercise videos following MC4R agonist administration, compared with placebo. Blue/green shows 
relative deactivation in response to erotic versus exercise videos following MC4R agonist administration, compared with placebo. Significant clusters were 
corrected for multiple comparisons; Z = 2.3, P < 0.05, n = 31.

Figure 5. MC4R agonism activates the SMA in response to erotic stimuli (scan 2, short video task). Red/yellow areas show relative activation in 
response to erotic versus exercise videos following MC4R agonism, compared with placebo. Significant clusters were corrected for multiple comparisons; 
Z = 2.3, P < 0.05, n = 31.

https://doi.org/10.1172/JCI152341
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scan (t [30] = 3.938, P = 0.002). We observed no other significant 
effects in the post hoc tests.

Taken together, these data suggest that there was a reduction 
of functional connectivity between the amygdala and the insula 
in response to erotic stimuli and that this reduced connectivity 
was prevented by MC4Ra administration.

MC4Ra had no confounding effects in the fMRI control task. The 
purpose of the control task (auditory, motor, and visual stimuli) 
was to detect any systemic effects (e.g., on cerebral blood flow) of 
the study drug, which may have nonspecific effects on the blood 
oxygen level–dependent (BOLD) response and may therefore 
confound the results from the erotic tasks. We observed no effects 
of the study drug on this task in any of the conditions, confirming 
that there were no confounding effects of MC4Ra on the BOLD 
response (see Supplemental Figure 2) and thus adding further 
validity to our observed results.

MC4Ra resulted in a small increase in circulating luteinizing 
hormone, follicle-stimulating hormone, and testosterone. MC4Ra 
administration resulted in a small mean increase in luteinizing 
hormone (LH) of 1.1 iU/L (F [1,58] = 13.38, P = 0.0005), folli-
cle-stimulating hormone (FSH) of 0.35 iU/L (F [1,60] = 10.97,  
P = 0.0016), and testosterone of 0.09 nmol/L (F [1, 60] = 4.213, 
P = 0.005) over the 300-minute study duration (Supplemental 
Figure 3). We observed no effect on circulating estradiol or pro-
gesterone levels (Supplemental Figure 3).

MC4Ra increased satiety and reduced food intake. MC4R ago-
nism is well known to cause nausea (27) and reduced appetite (28). 
As expected, MC4Ra treatment led to an increase in nausea (after 
scan 1 and scan 2) and an increase in the feeling of fullness (after 
scan 1) (Supplemental Figure 4, A–C). Objectively, food intake was 
reduced after scan 1 (Supplemental Figure 4D).

MC4Ra had no effect on attention. Attention was not affected by 
MC4Ra (Supplemental Figure 4E), thus excluding a further possible 
additional confounder for the observed brain effects in our study.

Discussion
This is the first study to our knowledge to investigate the effects 
of MC4R agonism on sexual brain processing in women with 

effects, and vice versa) and the interactions of the 2 factors (e.g., 
a larger difference between the 2 task conditions in 1 of the drug 
conditions compared with the same difference between tasks in 
the other drug condition). The most salient result was therefore 
the interaction, as it examined how the drug modulated the differ-
ence between the 2 tasks. However, interaction effects are inher-
ently nondirectional; post hoc Tukey’s tests were therefore used to 
examine individual contrasts (effects of the drug within each task 
condition and effects of the task within each drug condition) and 
to assess a potential direction of effect. Separate ANOVAs were 
performed for each scan (1: morning; scan 2: afternoon) and for 
each pairing of regions in the network.

The ANOVA results from scan 1 showed a significant interaction 
in connectivity between the amygdala and insula ROIs (F [1,30] = 
5.55, P = 0.025) (Figure 6A). This demonstrates that the difference in 
connectivity produced by the task (long erotic video vs. resting state) 
was also influenced by MC4Ra. We also noted a similar interaction 
trend for this pairing in scan 2 (F [1,30] = 3.70, P = 0.064) (Figure 6B). 
A significant interaction effect was also seen in the amygdala-thal-
amus pairing in scan 1 (F [1,30] = 5.50, P = 0.026) (Figure 6C). No 
further interactions were observed in other pairings in either scan.

The interaction effects seen in Figure 6, A–C, appear to have 
been driven by the placebo condition, in which there was a reduc-
tion in the connectivity during the long video compared with that 
seen in the resting state. Conversely, connectivity remained rela-
tively unchanged in the MC4Ra condition.

To investigate this further, we performed post hoc Tukey’s 
tests. In the amygdala-insula pairing in scan 1 (Figure 6A), the post 
hoc Tukey’s tests revealed that the resting state and long video 
scans were significantly different in the placebo condition (t [30] 
= 3.157, P = 0.018). In the amygdala-insula pairing in scan 2, the 
post hoc Tukey’s tests showed a statistically significant difference 
between the placebo resting state and long video scans (t [30] = 
4.656, P < 0.001). There was also a difference in the connectivi-
ty between the long video scans, where connectivity was higher 
in participants while on MC4Ra compared with placebo (t [30] = 
3.473, P = 0.008). In addition, there was a significant difference 
between the resting-state MC4Ra scan and the long video placebo 

Figure 6. A reduction in connectivity between the amygdala and the insula in response to erotic stimuli is prevented by MC4Ra administration. Connec-
tivity analysis of the “sexual response network” (amygdala, hypothalamus, insula, precentral gyrus, striatum, and thalamus). Panels A–C show connectiv-
ity pairings where an interaction was found by the 2 × 2 ANOVAs between the drug treatment (MC4R agonism vs. placebo) and the task (long erotic video 
vs. resting state). Changes in connectivity were found between the amygdala and the insula in scan 1; F (1,30) = 5.553, P = 0.025 (A), and scan 2; F (1,30) = 
3.70, P = 0.064 (B), and the amygdala and the thalamus in scan 1; F (1,30) = 5.5043, P = 0.026 (C). Data represent the mean ± SEM. *P < 0.05, n = 31.
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HSDD and reveals several notable findings from the multimethod 
approach we used. First, an increase in sexual desire was reported 
following MC4Ra administration. Second, MC4Ra elicited signif-
icant (P < 0.05) effects on the brain response to erotic stimuli, both 
in terms of patterns of focal relative activation and deactivation 
(short videos task) and in connectivity between areas established 
in sexual function (long videos task). Third, MC4Ra caused small 
increases in the levels of circulating LH, FSH, and testosterone, 
with no effect on estradiol or progesterone levels.

The female sexual response is dependent on physiological, 
psychological, and social factors. Key regions in the brain that 
form the sexual desire brain network (SDBN) (13) include the pre-
frontal cortex, the locus coeruleus, the medial preoptic area, the 
paraventricular nucleus, and reward- and attention-processing 
centers of the ventral tegmental area and the nucleus accumbens.

The presumed pathogenesis of HSDD pertains to a dysregu-
lation of the following neural pathways: central sexual excitatory 
(dopamine, noradrenaline, melanocortin, and oxytocin) and sex-
ual inhibitory (serotonin, opioid, endocannabinoid, and prolac-
tin) networks in the prefrontal cortex and limbic system (29, 30). 
Moreover, a meta-analysis of female sexual desire and HSDD neu-
roimaging studies proposed that HSDD is associated with a spe-
cific fronto-limbic-parietal dysfunction characterized by reduced 
activation of the SDBN with increased activation of the self-refer-
ential brain network (SRBN) (13). The SRBN includes brain areas 
involved in self-referential functions. For example, areas such as 
the medial prefrontal cortex, the supramarginal gyrus, and the 
inferior parietal lobule are believed to be involved in self-focus, 
spectatoring (focusing on oneself from a third-person perspec-
tive), and egocentrism. The putamen and precentral gyrus are 
implicated in shyness and moral judgment (31, 32), and the visu-
al cortex and fusiform gyrus are believed to be involved in visual 
analyses and processing bodies and faces (33). It is hypothesized 
that self-monitoring of the sexual response in these women inter-
feres with the processing of erotic stimuli (13).

Sexual therapy and education presently form the basis of treat-
ment for HSDD, with limited pharmacologic therapeutic options 
available (34). Flibanserin is a 5-HT1A agonist/5-HT2A antagonist 
that is licensed by the FDA for the treatment of premenopausal 
women with HSDD. In addition to requiring daily administration, 
this drug has only a modest treatment effect, accompanied by signif-
icant side effects (such as dizziness, somnolence, and nausea) and 
has a marked adverse interaction with alcohol (35). Transdermal 
testosterone therapy is licensed in the United Kingdom but only for 
use in postmenopausal women (36). The MC4Ra bremelanotide, an 
“as required” subcutaneous injection, was approved by the FDA in 
2019 for premenopausal women with generalized, acquired HSDD. 
However, the mechanism by which MC4Ra mediates effects on 
sexual behavior is unknown. We thus sought to define the brain pro-
cesses underpinning MC4Ra effects in this regard.

In this study, MC4R agonism caused a significant (P ≤ 0.01) 
increase in participant-reported sexual desire compared with 
placebo up to 24 hours after administration. This finding is con-
sistent with the phase III trials of bremelanotide, in which par-
ticipants reported an increase in desire according to the female 
sexual function index (FSFI) questionnaire (20). The mechanistic 
pathway behind this increase in sexual desire may be explained 

by the observed changes in specific erotica-induced brain activity 
observed on fMRI in the current study.

In the short video erotic compared with exercise contrast, 
MC4Ra deactivated a distinct bilateral region in the parietal oper-
culum, with the posterior edge of the cluster extending back into 
the temporo-parietal junction and the supramarginal gyrus. The 
most plausible functional designation of this region is the S2. Mod-
ern conceptions of the role of S2 emphasize its role in high-level 
somatosensory functions, meaning it integrates somatosensory 
information with social, emotional, and other information in order 
to generate a holistic sense of our bodily representation in the world 
(37). Other closely related regions around the temporo-parietal 
junction have also been implicated in interoceptive processes and 
functions related to body ownership (38). A meta-analysis of HSDD 
brain activation studies (13) also identified small clusters in these 
regions as being hyperactive in women with HSDD. The relative 
deactivation of S2 by MC4R agonism observed in the current study 
may therefore enable women with HSDD to relax their higher-level 
control and self-monitoring of the sexual response and provides a 
neural mechanism for an increase in sexual desire in response to 
erotic stimuli. This result is consistent with the “top-down” inhibi-
tion theory of HSDD (13), whereby cognitive interference inhibits 
visceral/limbic/somatosensory stimulation pathways (39).

During scan 1, MC4Ra increased activation of the right cerebel-
lum during the short erotic videos. Specifically, this was observed 
in the right hemisphere lobules V and VI, which are specialized 
for sensorimotor functions (40). Cerebellar activation is related to 
the “feeling” experience associated with sexual arousal (41), and a 
meta-analysis of neuroimaging studies reported cerebellar activa-
tion with sexual arousal in 14 studies (42). Furthermore, cerebel-
lar activation was found to be significantly blunted in women with 
HSDD (43) and conversely increased in healthy participants upon 
viewing erotic videos (44). Previous studies have also described 
cerebellar activation during the female orgasm (45–47); in addition, 
the right cerebellum has been shown to correlate with changes in 
genital temperature (48). Interestingly, rodent studies have identi-
fied MC4Rs within the cerebellum (17, 49). Therefore, the increased 
activity in lobules V and VI observed following MC4Ra administra-
tion in this study is consistent with the general pattern of modula-
tion of the brain’s somatosensory system seen in our cortical results.

During scan 2, MC4Ra increased activation in a dorso-medial 
region, centered at the junction of the precentral and superior fron-
tal gyri. Functionally, this region is designated as the SMA, and its 
role in motor functions is analogous to the S2’s role in somatosen-
sory information, that of high-level integration of motor operations 
with other domains. The SMA has been reported to respond to visu-
al erotic stimuli (50) and has been identified as part of the cognitive 
component of the visually induced sexual arousal response model 
(42, 51, 52). The cognitive component includes a stimulus apprais-
al process allowing categorization and evaluation of erotic stimuli. 
It also confers increased attention to visual stimuli that are cate-
gorized as sexual. In addition, sexual motor imagery is mediated 
in part by the SMA (53, 54). Sexual motor imagery is defined as a 
dynamic state, whereby a motor act is internally rehearsed within 
one’s memory without overt actions, occurring when an individual 
observes an action and wishes to imitate it (55). Indeed, it has previ-
ously been demonstrated that there is greater activation of the SMA 

https://doi.org/10.1172/JCI152341
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in response to visual erotic stimuli in healthy individuals when com-
pared with patients with HSDD, indicating a lack of sexual motor 
imagery in these patients (54). In line with these findings, our study 
showed that MC4Ra increased SMA activation, providing evidence 
for this mechanism of increased sexual motor imagery.

In functional connectivity analyses using the long video (a 
10-minute erotic video) and resting-state scans (as a control), we 
found that MC4Ra increased functional connectivity between the 
amygdala and the insula, as well as between the amygdala and 
the thalamus. These 3 nodes are important regions in the normal 
response to erotic stimuli, are key parts of the brain’s limbic system, 
and are involved in a range of other lower-level processes (such are 
disgust, threat aversion, facial emotion perception) with fundamen-
tal biological relevance. The pattern of results in these analyses sug-
gests that functional connectivity under placebo conditions was rel-
atively high in the resting state but was decreased by exposure to the 
erotic stimulus in women with HSDD. This may be because when 
women with HSDD are exposed to erotic stimuli, they interpret this 
as a negative rather than a positive stimulus, with this suppression 
of connectivity due to the hyperfunctional “top-down” inhibition 
of sexual desire pathways (13). Interestingly, we found that MC4Ra 
administration prevented this reduction in connectivity in wom-
en with HSDD, even while viewing the erotic stimulus, suggesting 
either that the lower-level processes were relatively more stimu-
lated or that the “top-down” suppression had been mitigated. This 
pattern of results also fits the neurofunctional theory of HSDD (13) 
and thus provides further mechanistic insight into MC4R agonism.

With respect to reproductive hormone levels, MC4Ra adminis-
tration resulted in a small increase in circulating LH, FSH, and tes-
tosterone levels compared with placebo. Previous studies in rodents 
(56, 57) and humans (58, 59) have described a role for α-melano-
cyte–stimulating hormone (α-MSH), which binds to the MC4R, in 
the regulation of the hypothalamic/pituitary/gonadal (HPG) axis. 
Furthermore, melanocortin neurons are modulated by estradiol and 
play an important role in the negative feedback of the HPG axis, and 
α-MSH activation of the MC4R increases gonadotrophin-releasing 
hormone (GnRH) action potential firing (60). It is unlikely that the 
behavioral and brain effects we observed were due to these LH and 
FSH changes, as they were small, and LH and FSH are not known to 
have roles in sexual behavior in humans. With regard to testoster-
one, studies testing transdermal testosterone therapy for low libido 
in premenopausal women have demonstrated an improvement in 
sexual function associated with a mean serum testosterone increase 
of 0.52–1.54 nmol/L (36, 61, 62), although other large cross-section-
al studies have not found a relationship between testosterone and 
HSDD or sexual desire (36, 63). Given that the mean change in tes-
tosterone levels was significantly smaller (0.09 nmol/L) than what 
was seen in the aforementioned interventional studies, it is unlikely 
that this change significantly contributed to the behavioral or neural 
effects we observed but should be noted.

This is the first study to our knowledge to examine functional 
brain connectivity in women with HSDD, an area previously high-
lighted as requiring further investigation in these patients (13). The 
strengths of this study are that it was appropriately powered with 
several methodologies applied and was controlled for menstrual 
cycle and hormonal contraceptive use. The fMRI tasks were robust, 
as evidenced by group means and uniform task lengths and were 

carefully controlled for, using exercise videos with an a priori analy-
sis plan. In addition, erotic stimuli were in the form of  videos, which 
are known to elicit more robust responses than do pictures alone 
(64). Furthermore, the fMRI control task controlled for any phar-
macological vascular effect, and fMRI data analysis examined both 
brain activation and connectivity. All participants acted as their own 
controls and interacted with the same female doctor throughout, 
thereby minimizing variability in instructions given between par-
ticipants and reducing bias associated with mixing investigators of 
different sexes (65). Study limitations include variations in potential 
subjective arousal from the erotic stimuli, although using an inde-
pendent focus group to rate and select the videos minimized this. 
Also, viewing erotic stimuli in a scanner may have the potential to 
affect ecological validity, however, similar methods have previously 
been used in robust studies of brain activation patterns in women 
with HSDD (43, 44, 66). While the findings of this study are appli-
cable to premenopausal women with HSDD, it would be interest-
ing to extend the study to postmenopausal women and men with 
HSDD. In addition, given that HSDD occurs in individuals of all 
sexual orientations (67), it would be important in future studies to 
explore brain responses to MC4Ra in individuals with HSDD of sex-
ual orientations other than heterosexual. Furthermore, it would be 
interesting to assess brain responses to different-orientation (to the 
participant) erotic material to explore the condition further. Finally, 
studies of MC4R agonists have demonstrated ongoing biological 
effect with repeated use (20, 68), therefore, it would be instructive 
to perform a longitudinal study of repeated MC4Ra administration 
to explore the longer-term effects on brain processing.

MC4Ra-based therapies have thus far been successfully devel-
oped principally as treatments for obesity (22). As such, we believe 
this study provides important clinical relevance in this regard as, for 
the first time to our knowledge, we have demonstrated human fMRI 
brain changes following subcutaneous administration of this type 
of compound. Indeed, alterations in erectile function have been 
reported with the recently licensed MC4Ra setmelanotide (22).

In summary, these data define the neural substrates and con-
nections through which MC4R agonism modulates sexual brain 
processing to increase sexual desire. These changes in brain activa-
tion reduce self-monitoring and spectatoring of the sexual response, 
increase sexual imagery, and sensitize women with HSDD to erotic 
stimuli. We therefore provide insight into the mechanism by which 
MC4R agonism affects sexual behavior in women with HSDD, 
with important implications for the future development of safe and 
effective treatment options for women with HSDD as well as the 
broader use of MC4R agonists.

Methods
Participants. Heterosexual premenopausal women concerned and/
or distressed by low sexual desire and who had regular monthly 
menstrual cycles were invited to take part in this study via advertise-
ments. Potential participants were initially telephone screened and 
subsequently underwent a detailed medical examination screening 
visit. Blood tests were performed during the screening visit to con-
firm health status and measured the following: complete blood count, 
renal function, liver function, bone profile, thyroid hormone profile, 
and levels of LH, FSH, estradiol, progesterone, testosterone, sex hor-
mone–binding globulin (SHBG), dehydroepiandrosterone sulphate 
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ensure full washout between visits and to allow the study to be performed 
at the same stage of the participant’s menstrual cycle each time. Sixteen 
women received MC4Ra on their first visit, and 15 received placebo. The 
participants acted as their own controls, thereby minimizing the effects of 
interparticipant variation and maximizing the power of the study.

All studies were undertaken on days 1 to 7 of the menstrual cycle 
(follicular phase) to ensure consistent reproductive hormone levels, as 
brain activity can be altered by significant fluctuations in reproductive 
hormones across the menstrual cycle (80). The participants were asked 
to abstain from sexual activity, alcohol, caffeine, and tobacco from 
midnight prior to each study visit and were asked to have their normal 
breakfast on the study days. Figure 1 illustrates the study protocol.

An intravenous cannula was inserted into the arm for blood col-
lection at 15- to 30-minute intervals. Participants completed the psy-
chometric questionnaires as detailed below. At t = 0 minutes, MC4Ra 
or placebo (identical in volume and appearance), in the form of a 
single-use autoinjector, was administered subcutaneously into the 
abdomen. Participants and data analysts were blinded to the injection 
identity, the order of which was randomized in a balanced manner by 
an independent statistician.

Assays. Blood samples were collected at the time points indicated in 
Figure 1. Serum levels of LH, FSH, estradiol, progesterone, and testos-
terone were measured using automated chemiluminescence immuno-
assays (Abbott Diagnostics). Interassay coefficients of variation were as 
follows: LH, 3.4%; FSH, 3.5%; estradiol, 3.4%; progesterone, 1.8%, and 
testosterone 4.6%. The limits of detectability for each assay were as fol-
lows: LH, 0.07 IU/L; FSH, 0.05 IU/L; estradiol, 70 pmol/l (19 pg/mL); 
progesterone, 0.3 nmol/L (0.1 ng/mL); and testosterone, 0.08 nmol/L.

Psychometric questionnaires. On arrival, the participants were asked 
to complete the Sexual Arousal and Desire and Inventory (SADI) to 
assess multidimensional sexual arousal and desire (81). There were no 
differences observed between groups in any domain of the SADI ques-
tionnaire (Supplemental Figure 5). Participants were also asked to rate 
their satiety and nausea levels using a visual analog scale (82) in order 
to co-assess the established effects of MC4R agonism on appetite and 
nausea (20, 22). These questionnaires were repeated following both 
fMRI scans. Attention, a possible confounder, was assessed using the 
D2 Test of Attention, performed at the end of scan 2 (83). Lunchtime 
food intake was measured by weighing the remaining food after a par-
ticipant-selected 400 g meal. Twenty-four hours after MC4Ra or pla-
cebo administration, the participants completed a follow-up question-
naire, in which they were asked to report any change in sexual desire.

MRI procedure. Participants underwent 2 scans per day — scan 1 at t 
= 45 and scan 2 at t = 240 minutes — to cover the complete time course 
of possible objective and subjective responses following MC4Ra admin-
istration, which are known to occur from 45 minutes onward. The fMRI 
scans lasted 60 minutes. Each fMRI scan session included the following 
types of scans and tasks: anatomical and T2 proton density (to evaluate 
any structural abnormality and for subsequent anatomical location); 
resting state (to evaluate regional interactions that occur in a task-neg-
ative state, when an explicit task is not being performed); 20 × 20-sec-
ond “short” erotic videos with 20 × 20-second exercise control videos; 
a 10-minute “long” erotic video; and an fMRI control task (to identify 
and control for global vascular or systemic effects of MC4R agonism).

A mirror mounted on the head coil allowed participants to view a 
screen mounted in the rear of the scanner bore, where visual stimuli were 
back-projected through a wave guide in the rear wall of the scanner room. 

(DHEAS), and androstenedione. Reproductive hormone levels were 
consistent with premenopausal status (Supplemental Table 1).

Inclusion in this study required a diagnosis of generalized, 
acquired HSDD of at least 6 months’ duration as per the criteria of the 
Diagnostic and Statistical Manual of Mental Disorders, 4th Edition, 
Text Revision (DSM-IV-TR) (8), confirmed with a FSFI score of score 
of 26 or lower and a score of 5 or lower in the desire domain (69), as 
well as a score of 18 or higher on the Female Sexual Distress Scale – 
Desire/Arousal/Orgasm (FSDS-DAO) assessment tool (70). Partici-
pants completed the Patient Health Questionnaire-9 (PHQ-9) and the 
General Anxiety Disorder-7 (GAD-7) questionnaire to exclude depres-
sion and anxiety, respectively.

Other inclusion criteria were: right handedness, involvement in 
a stable and monogamous relationship for at least 6 months, no use 
of any form of hormonal contraception, absence of current or past 
psychiatric illness, no use of psychoactive substances (prescribed or 
illicit) for a minimum of 6 months prior to screening, a BMI of 18–35 
kg/m2, and normal or corrected-to-normal vision. Exclusion criteria 
were: pregnancy, breastfeeding, a history of unresolved sexual trauma 
or abuse, and a contraindication to MRI scanning.

Sample size. To our knowledge, there are no previous fMRI stud-
ies examining the role of the MC4R in women with HSDD. However, 
data from a previous fMRI study (71) examining a similar scenario 
(hormonal administration effects on fMRI sexual brain activity) were 
used to estimate requirements for the current study. This study showed 
that a behavioral hormone enhances BOLD signal change in the limbic 
structures by a mean of 0.74% and a SD of 0.38% compared with vehi-
cle (mean, 0.48%; SD, 0.51%). In anticipation of a similar response in 
this study, with a 5% significance level and 80% power, and assuming a 
correlation between MC4Ra and placebo results of 0.4, the sample size 
of this study included 31 participants. To allow for natural variation in 
responses, dropout, and exclusion of 20%, 40 participants were recruit-
ed to the study. In addition, this sample size is in keeping with empirical-
ly derived estimates to allow sufficient power to detect moderate-sized 
effects in fMRI studies (72), as well as noninterventional fMRI studies 
in women with HSDD (66), and our previous work examining the hor-
monal effects of kisspeptin versus vehicle on brain activity in healthy 
volunteers (71, 73–79). Following screening and informed consent, 40 
participants were randomized to take part, with 31 participants complet-
ing both MC4Ra and placebo study visits (Figure 2).

MC4Ra and placebo. The MC4Ra used in this study was bremela-
notide, manufactured by AMAG Pharmaceuticals Inc. Bremelanotide 
1.75 mg/0.3 mL for subcutaneous administration was an aqueous formu-
lation that consisted of bremelanotide 1.75 mg and 2.5% (weight per vol-
ume), glycerin (multicompendial vegetable grade, United States Phar-
macopeia) in sterile water for injection, with either hydrochloric acid or 
sodium hydroxide (National Formulary) to adjust for pH. Placebo 1.75 
mg was an equivalent prefilled autoinjector without the active ingredi-
ent in an equivalent 0.3 mL solution volume. Both products were labeled 
and packed in full compliance with good manufacturing practice (GMP) 
requirements. Subcutaneous autoinjector pens were stored below 25°C.

Study design. We performed a randomized, double-blinded, 2-way 
crossover, placebo-controlled clinical study. A total of 31 participants 
completed the study (Figure 1). On 1 visit, the participants received the 
MC4Ra, and on the other visit, they received the placebo, which was pack-
aged in materials identical to the MC4Ra packaging, as described above. 
Studies were scheduled at least 1 month apart (mean, 1.32; SEM, 0.12) to 
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Tool (FLIRT) (86). Registration from the high-resolution T1 structural 
image of each participant to the standard Montreal Neurological Insti-
tute (MNI) 152 space was then further refined using FMRIB’s Nonlin-
ear Image Registration Tool (FNIRT) (87, 88). The following prestatis-
tical processing was applied: motion-corrected FLIRT (86), non-brain 
removal using the Brain Extraction Tool (BET) (89), spatial smoothing 
(6.0 mm), and high-pass temporal filtering (90 seconds for the short 
videos, 100 seconds for the long videos and resting state). All first-level 
models included the extended set of head motion parameters regressor 
(original parameters, plus derived temporal derivatives and quadratic 
functions). White matter and cerebral spinal fluid masks were created 
from each participant’s anatomical scans using the FMRIB’s Automat-
ed Segmentation Tool (FAST), and the time series from each functional 
scan was extracted from these masks for use as a regressor of no inter-
est for each participant in each task to further denoise the data. Time- 
series statistical analysis was carried out using FMRIB’s Improved Lin-
ear Model (FILM) with local autocorrelation correction (90).

Short videos and control task. The regressors of interest were derived 
from the onset times of the stimulus conditions and were convolved 
with a gamma function to simulate the hemodynamic response function 
(HRF). These were used as the main regressors of interest in the general 
linear model (GLM) with the denoising methods mentioned above as 
regressors of no interest. The contrasts were defined by each stimulus 
condition compared with baseline, followed by comparison of 2 stim-
ulus conditions of interest, with contrasts comparing conditions being 
our main outcome. A within-subjects, mixed-effects FLAME 1 model 
was used to investigate differences in whole-brain activation on placebo 
and the MC4Ra. Separate models were constructed for scan 1 and scan 
2. Statistical images were thresholded using clusters determined by Z > 
2.3 and a corrected cluster significance threshold at P = 0.05.

Long videos and resting state. A priori ROIs were defined from a search 
of the term “sexual” on the meta-analytic website Neurosynth (www.
neurosynth.org). This provided data from an automated meta-analysis 
of 81 studies relating to sexual function. From this, we defined 6 sexual 
network ROIs: the amygdala, the hypothalamus, the insula, the precen-
tral gyrus, the striatum, and the thalamus (Supplemental Figure 6). The 
time series from each of these ROIs was extracted from the denoised 
long video and resting-state scans. Pairwise correlations then com-
pared each ROI using Pearson’s correlations and custom python code. 
The resulting r values were then transformed to Z scores using Fisher’s 
transformation test (91). A 2 × 2 ANOVA was then performed on each 
region pair to test the effect of the drug (placebo vs. MC4Ra) and the 
task (long video vs. resting state) as well as the interaction. The Z scores 
were then displayed graphically in a correlation matrix. In the matrices 
where a difference was shown, post hoc Tukey’s tests were conducted to 
show significant differences between both the drug and task conditions.

Statistics. The statistical analysis plan was designed in collaboration 
with an independent statistician. Paired t tests were performed on the 
short video and control task fMRI data to assess differences between 
MC4Ra and placebo in a GLM. These were all cluster corrected to Z > 
2.3 and P = 0.05. For the connectivity analysis, 15, 2 (MC4Ra vs. place-
bo) by 2 (task, long videos vs. resting) ANOVAs were conducted. Post 
hoc Tukey’s tests were carried out to investigate the difference between 
tasks in each drug condition. An α threshold of P < 0.05 identified sta-
tistical significance except for the connectivity analyses, in which the 
threshold was reduced to P < 0.01 (to adjust for the number of analy-
ses performed). Psychometric data were not normally distributed by 

Participants also wore headphones to receive instructions and associated 
auditory stimuli during the clips. For safety monitoring, a pulse-oximeter 
was attached to the participant and connected to a standard data-record-
ing system (AD Instruments PowerLab) in the control room.

Short erotic videos task. Erotic stimuli consisted of 20-second erotic 
videos alternating with neutral nonerotic videos as a control, in a stan-
dard validated block design. During the scans, participants were asked 
to rate their subjective level of arousal on a 5-point scale using a 5-button 
hand-held device after each video, with no difference observed between 
MC4Ra and placebo visits. The rating period lasted 5 seconds and was 
followed by a 10-second blank gray screen, which provided a baseline/
resting condition. The erotic videos were the top-20-rated videos (of 80 
videos) for sexual arousal by an independent focus group comprising 20 
healthy heterosexual women. All videos contained 1 woman and 1 man 
engaging in vaginal sex (erotic videos) or performing exercises (control 
videos). The task lasted a total of 12 minutes.

Long erotic videos task. Participants were shown a 10-minute erot-
ic video and asked to rate their subjective level of arousal in real time 
using an MR-compatible scroll wheel (behavioral potentiometer) to 
ensure attention. The video was sized to take up approximately 90% 
of the viewing area on the screen, with the bottom 10% of the screen 
containing a scale running from “Not at all sexually aroused” (far left) 
to “Very sexually aroused” (far right). The scroll wheel controlled a tri-
angular marker that the patient could also see on the screen, and they 
could move the marker along the scale (left or right) as and when they 
desired throughout the erotic video. Participants were shown a differ-
ent video in scan 1 and scan 2. No difference was observed between 
MC4Ra and placebo visits. The videos were the 2 highest rated (of 20 
possible videos) for sexual arousal by an independent focus group com-
prising 5 healthy heterosexual women. The total task time was 10 min-
utes, plus a 10-second buffer period at the end (blank gray screen) to 
ensure capture of the latter portion of any brain response.

fMRI control task. The fMRI control task was designed to control 
for the potential issue in pharmacological fMRI studies, in which a drug 
may have confounding effects on physiological processes (e.g., cerebral 
blood flow) that can affect the BOLD response independently of any 
neural effects of the drug (84). This was the same as the validated task 
described by Harvey et al. (85), which was a fast event–related design 
consisting of 20 each of visual, auditory, motor, and eye-movement tri-
als, plus an additional 20 null trials, to give 100 trials in total. Each trial 
lasted 3 seconds, to give a total task time of 300 seconds (5 minutes), plus 
a 10-second buffer period at the end. A small, square red fixation point 
was present throughout the task. On visual trials, a sinusoidal visual grat-
ing was displayed that drifted rapidly left to right and reversed direction 
every 0.5 seconds. On auditory trials, a sequence of 6 pure tones was 
presented through the headphones at different pitches, in random order. 
On motor trials, a blue button appeared on the screen 3 times, and par-
ticipants were asked to respond with a button-press each time. On eye 
movement trials, the fixation point moved around the screen to random 
locations every 0.5 seconds, and the participants were asked to follow it 
with their eyes. These events were presented in a pseudo-randomized 
sequence, with different sequences used for scan 1 and scan 2.

fMRI data analysis. fMRI data processing was performed using 
FEAT (fMRI Expert Analysis Tool), part of the Oxford Centre for Func-
tional MRI of the Brain (FMRIB) Software Library (FSL), version 6.0 
(www.fmrib.ox.ac.uk/fsl). Registration to high-resolution structural 
image was carried out using the FMRIB Linear Image Registration 
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