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Fig. 4. Global FC changes in the Meditation contrast. Results from an ANCOVA on global FC reveal three clusters with

significantly decreased FC after the retreat in the Meditation contrast (

within the salience (SAL) and frontoparietal (FPN) networks.

decreased global FC after the retreat in the analysis with-
out GSR (FDR-corrected; Fig. 4). These effects were not
observed when GSR was applied.

3.4. Cortical gradient analysis

The cortical gradient analysis resulted in a hierarchical axis
ranging from lower-level sensorimotor cortices (i.e.,
“lower” cognitive functions) to higher-level transmodal
cortical regions (Gradient 1; Fig. 5), from insular to visual
cortex (Gradient 2; Supplementary Fig. S4), and from
visual cortex to cortices covered by the FPN regions (Gra-
dient 3; Supplementary Fig. S5). We identified the typical
cortical gradient axes previously reported (e.g., Bethlehem
et al., 2020; Girn et al., 2022; Sydnor et al., 2021) in all four
scan conditions (DMT-harmine Pre/Post, Placebo Pre/
Post). However, no significant differences were found
between conditions or sessions in any brain region for any
of the four defined contrasts. This was true both in surface
space and when comparing network-wise gradient scores.
Complementary analysis with inclusion of GSR resulted in
the same gradient axes, but similar to the standard analy-
sis, did not indicate any statistical differences between
groups and conditions for any gradient (results not shown).

Additional within- and between-network dispersion
analyses in 3D gradient space did not indicate statistical
differences between groups or time points (refer to Sup-
plementary Tables S7 and S8 for results from 2-by-2
ANOVA of within- and between-network dispersion).
Parcellation-wise gradient data are shown in Figure 6 in
3D and 2D gradient space (representing gradient values
of each parcellation along all three gradients and each
gradient pair combination). Similar to the gradient analy-
sis, network dispersion analysis including GSR did not
result in significant differences within- or between-
networks (data not shown).

3.5. Associations between network connectivity
and psychometric outcomes

We used ordinary least squares regressions to explore
the relationships between the cluster found for the
Group differences post-retreat contrast with the net-
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9eor < 0.05). All significant clusters were located

work connectivity analysis (increased connectivity
between SAL and bilateral calcarine sulci (i.e., VIS),
reflecting the FC change in this cluster from pre- to post-
retreat) and questionnaires targeting mindfulness, emo-
tional breakthrough, insight, and transcendence (Meling
et al., 2024). We used FDR correction for the total num-
ber of questionnaires used (n = 5). Between-group differ-
ences were observed via significant interactions between
SAL-VIS FC (contrast Group differences post-retreat;
Fig. 2, Panel C) and the questionnaires MEQ on Day 2
(b = 0.0065, 95%ClI [0.0014, 0.0117], g, = -036), and
TMS on Day 2 (b = 0.0089, 95%CI [0.0019, 0.0159],
9 = -086). Post hoc analyses revealed significant
associations between SAL-VIS FC and MEQ on Day 2
for the placebo group (r = 0.52, p = .020), while the TMS
scores were not significantly correlated with SAL-VIS FC
for any group (Fig. 2). To complement these findings, we
repeated the association analysis using delta scores
(Day 2 minus baseline) for each questionnaire. However,
no significant group-by-questionnaire interactions were
observed in the analysis of delta questionnaire scores.
Refer to Supplementary Tables S9-S12 for OLS model
and exploratory correlation results for all tested ques-
tionnaires.

4. DISCUSSION

In this double-blind, randomized, placebo-controlled
pharmaco-fMRI study, we examined the distinct neuro-
biological effects of an ayahuasca-inspired formulation
containing DMT and harmine administered in conjunc-
tion with mindfulness-based practice in experienced
meditation practitioners. Our goal was to explore both
the individual and synergistic impacts of combining a
3-day meditation retreat with a psychedelic interven-
tion versus placebo on brain function. We used several
large-scale connectivity metrics, including within- and
between-network connectivity, network and global
connectivity, and cortical gradient analyses to assess
these subacute effects following the retreat. Between-
group comparisons revealed that participants in the
DMT-harmine group showed increased FC between
visual (VIS) and regions in salience (SAL) networks.
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Fig. 5. Cortical first gradients before and after retreat for DMT-harmine and placebo group. (A) Parcellation-wise mean
cortical principal gradients for DMT-harmine Pre, DMT-harmine Post, Placebo Pre and Placebo Post conditions that
represent the principal axis from unimodal (lower end) to transmodal (higher end) cortex. The shown gradient scores
represent arbitrary units, with negative values defining the lower (sensorimotor) end of the gradient axis and higher
(positive) numbers representing the higher (transmodal) end of the axis. (B) Network-wise mean cortical gradients. The
same data are presented network based, wherein each brain parcel was allocated to the corresponding Yeo network.
Mean and SEM are presented per network. (C) Histograms showing the distribution of gradient values for each condition
for each brain parcellation. Statistical differences were tested with a two-way repeated measures ANOVA (for within- and
between-group effects and their interactions). No significant differences were observed for any contrast, neither with
parcellation- nor network-wise contrasts. Refer to Supplementary Figures S4 and S5 for complementary figures showing
the second and third cortical gradient.
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Fig. 6. First three functional gradients in three- and two-dimensional gradient space. (A) The first three functional
gradients are projected into a three-dimensional coordinate system where each axis represents one of the cortical
gradients. (B) The same data presented in two dimensions, with each combination of possible gradient pairs being
displayed. Although there are slight differences in gradient mapping between groups observable by visual inspection,
these differences did not result in statistical significance when comparing within- and between-network dispersion (refer to
Supplementary Tables S7 and S8 for ANOVA stats tables). Data presented in this figure are parcellated with the 400-region
Schaefer Atlas, with each parcellation colored in the color of the Yeo network it belongs to.
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Within-group comparisons further highlighted that the
DMT-harmine group exhibited increased FC between
DAN and regions in VIS, while the placebo group
showed decreased FC between several RSNs. Although
the within- and between-network results did not sur-
vive FDR correction, the observed trends were sup-
ported by the network connectivity analysis, which
provided a more fine-grained, spatially sensitive per-
spective. These findings underscore the distinct neuro-
biological pathways engaged by meditation practice on
placebo versus psychedelic-augmented meditation,
contributing to a growing understanding of their poten-
tially complementary and synergistic effects on brain
function.

4.1. Meditation practice mainly decouples RSNs
post-retreat

Our findings indicate that meditation alone induces sub-
acute changes in several connectivity metrics, consistent
with prior research. However, it is important to note that
meditation studies usually do not include placebo admin-
istration, which may itself influence the subjective medi-
tation experience and neural outcomes. Specifically, FC
between multiple networks in the placebo group
decreased, ranging from lower-order sensory regions
(e.g., VIS) to higher-order attention and transmodal net-
works (e.g., SAL, DAN, FPN, and DMN). These effects
remained consistent after applying GSR.

Our results are in line with previous findings (Ganesan
et al., 2023; Hasenkamp & Barsalou, 2012; Kilpatrick
et al., 2011; Sezer et al., 2022). For instance, focused
attention meditation has been associated with reduced
connectivity across multiple brain regions (Ganesan
et al., 2023), mirroring the connectivity reductions we
observed in the placebo group post-retreat. Decreased
VIS-SAL connectivity may reflect enhanced self-
awareness (Sezer et al., 2022) or increased attentional
control (Hasenkamp & Barsalou, 2012; Kilpatrick et al.,
2011), while increased FPN-DMN connectivity has also
been linked to improved attentional regulation during
meditation (Sezer et al., 2022).

However, some discrepancies with our findings
remain; for example, an 8-day meditation retreat reported
increased connectivity between SAL-DMN in trained
meditators (Vishnubhotla et al., 2021) or other studies
reported increased FPN-DMN FC after meditation train-
ing (Brewer et al., 2011; Kral et al., 2019). Differences in
methodology, participant experience, meditation tech-
niques, the use of a placebo, or retreat duration may
explain such variations.
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4.2. Effects of psychedelic-augmented meditation

The DMT-harmine administration led to trend-level
increases in network integrity in the VIS, and increased
between VIS-DAN connectivity. These effects contrasted
with those observed in the placebo group, where con-
nectivity generally decreased. A prior fMRI study investi-
gating the combined effects of psilocybin during a 5-day
meditation retreat found both increased and decreased
FC in the DMN during open-awareness meditation in the
psilocybin group (Smigielski et al., 2019). Despite the
comparable design, these results were not replicated
herein, perhaps due to several differences such as the
psychedelic compound used or the analytical focus (i.e.,
DMN only vs. all Yeo networks).

Previous studies on the subacute effects of ayahuasca
reported increased FC within SAL, both decreases
(Pasquini et al., 2020) and increases in within-DMN FC
with positive correlations to self-compassion measures
(Sampedro et al., 2017), and increased FC between SAL-
DMN (Pasquini et al., 2020). Decreased between-network
FC between VIS and ACC has also been reported
(Sampedro et al., 2017). While these studies also involved
DMT and harmine administration, direct comparisons
with our findings are complicated by differences in dos-
ing and formulation. In our study, DMT and harmine were
administered at a fixed 1:1 ratio (120 mg each over
90 min), whereas ayahuasca preparations in (Pasquini
et al., 2020) and (Sampedro et al., 2017) involved a lower
DMT-to-harmine ratio, with harmine doses approximately
comparable with ours. From a pharmacological stand-
point, this suggests that our formulation may have elic-
ited stronger psychoactive effects (Egger et al., 2025).
However, this was not clearly reflected in the observed
connectivity patterns, which may indicate the important
modulatory role of non-pharmacological factors such as
the setting (meditation group retreat vs. single-person
study settings). For a more detailed discussion of phar-
macological differences and similarities between aya-
huasca and our DMT-harmine formulation, see Egger
et al. (2024). Notably, previous studies highlight even
longer-term effects of psilocybin. For example, Siegel
et al. (2024) reported persistent reductions in functional
connectivity between the anterior hippocampus and
DMN in healthy volunteers, effects that endured for sev-
eral weeks post-administration. Further structural evi-
dence comes from a recent preprint, which investigated
psilocybin’s long-term impact on measures such as diffu-
sion tensor imaging (DTI); it indicated decreased axial
diffusivity in prefrontal-subcortical tracts, interpreted by
the authors as potential pruning within a neuroplastic
context (Lyons et al., 2024). These findings, underscoring
prolonged neuroplasticity, are also critically important
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clinically. Indeed, psilocybin therapy has been shown to
alter dynamic connectivity between the anterior and pos-
terior cingulate cortices in patients with major depres-
sion, with these changes correlating with alterations in
specific metabolites measured by spectroscopy. More-
over, evidence points to reduced between-network con-
nectivity (i.e., modularity) persisting for weeks after
psilocybin treatment in patients with treatment-resistant
depression (TRD), a change that correlated with clinical
improvement (Daws et al., 2022).

Beyond subacute effects, increased FC in the primary
visual cortex (V1) during acute ayahuasca intake has
been shown previously during a mental imagery task (De
Araujo et al., 2012). Together, these findings suggest that
ayahuasca alters the activity and connectivity of visual,
salience, and DMN areas in healthy individuals. These
previous reports are partially supported by our findings
for the DMT-harmine formulation combined with mindful-
ness practice, which appeared to specifically alter VIS
connectivity, both within-network and between visual
areas and attentional networks (i.e., DAN).

Conversely, the placebo group showed reduced SAL-
VIS FC, consistent with prior findings linking this to
increased attentional focus and diminished irrelevant
visual input during rest in experienced meditators
(Hasenkamp & Barsalou, 2012; Kilpatrick et al., 2011).
Comparable patterns have also been observed following
mindfulness-based cognitive therapy, where decreased
SAL-VIS FC during rumination correlated with increased
interoceptive awareness (van der Velden et al., 2023).

Contrary to our findings, acute intravenous DMT
administration has been shown to reduce network integ-
rity within the VIS and decrease segregation between VIS-
FPN (Timmermann et al., 2023). However, our observed
increase in voxel-wise FC between VIS and attentional
networks may still be functionally related, as these net-
works, along with FPN, collectively facilitate attentional
resource allocation (Menon, 2011; Vossel et al., 2014). As
the previous study focused on acute drug effects versus
placebo, direct comparisons are challenging.

4.3. Synergistic effects of meditation + DMT-
harmine

Our findings revealed consistent group differences in FC,
notably increased VIS-SAL connectivity in the DMT-
harmine group. This result was robust across analyses
comparing post-retreat scans and pre-to-post changes,
with similar patterns emerging. Including GSR did not
alter this primary finding, though it revealed additional
group differences.

The increased VIS-SAL connectivity may reflect stron-
ger engagement of visual and attentional processes
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during the psychedelic experience in participants receiv-
ing DMT-harmine, with residual effects detectable 2 days
post-intervention. Another plausible mechanism involves
heightened mental imagery induced by DMT-harmine
during the retreat, potentially manifesting post-retreat at
rest as visual recollections or “visions in reverse”, where
information flows top-down rather than bottom-up, as in
typical perception. In support, neutral or pleasant visual
phenomena have also been reported within a week of
LSD or psilocybin administration in ~10% of participants
(Mdller et al., 2022). The SAL’s role in detecting and inte-
grating sensory, emotional, and memory-related input
(Schimmelpfennig et al., 2023) supports the idea that
DMT-harmine facilitates the integration of visual and
emotional information—an effect that may extend into
the subacute phase. Relatedly, acute DMT has also been
shown to increase connectivity between regions involved
in visual, emotional, and associative processing, includ-
ing the amygdala, supramarginal gyrus, and orbitofrontal
cortex (Soares et al., 2024). Future studies could further
investigate the relationship between the VIS and SAL by
quantifying the effective connectivity to assess the direc-
tionality between these brain regions.

Additionally, this VIS-SAL cluster showed a significant
interaction effect with mystical experience intensity
(MEQ) and mindfulness (TMS) scores assessed on the
day of drug administration. Interestingly, post hoc analy-
ses revealed a positive correlation between MEQ scores
and SAL-VIS FC in the placebo group, but no significant
correlations were found in the DMT-harmine group,
despite a significant increase in MEQ scores in the latter
(Meling et al., 2024). This pattern might suggest that the
relationship between SAL-VIS FC and strength of the
mystical experience and mindfulness might follow an
inverse U-shaped curve, where neither too much nor too
little connectivity is optimal. However, this interpretation
remains speculative, as group x questionnaire interac-
tions were not significant when using A-scores (post-
baseline). This suggests that some associations may
reflect pre-existing individual differences rather than
changes induced by the intervention. This hypothesis
could be tested in a dedicated study.

Interestingly, this increased SAL-VIS FC differs from
subacute changes observed after ayahuasca without
meditation in a previous study, reporting increased SAL
integrity and decreased SAL-DMN segregation (Pasquini
et al., 2020). Sampedro et al. also reported both increased
and decreased FC between DMN, VIS, and SAL regions
(Sampedro et al., 2017), underscoring the importance of
these networks in post-ayahuasca or DMT-harmine-
induced changes.

In sum, our findings showed increased VIS integrity and
enhanced VIS-DAN and VIS-SAL connectivity, diverging
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from our original hypotheses of increased within-SAL FC
or stronger VIS-DMN and SAL-DMN coupling. These
hypotheses were based on studies with different drug for-
mulations, sample characteristics, and setting variables.
For instance, prior meditation retreat studies have reported
SAL-DMN connectivity increases (Vishnubhotla et al.,
2021). Differences in retreat duration or other time-
dependent variables may explain such discrepant findings.
From a broader perspective, the current results high-
light neurobiological distinctions between the effects
observed in meditation versus psychedelic-augmented
meditation. While the meditation retreat with placebo
mainly led to decreased FC between several RSNs that
more closely reflect established neuroimaging findings of
meditation alone (Hasenkamp & Barsalou, 2012; Kilpatrick
et al., 2011; Moujaes et al., 2024; Sezer et al., 2022;
Vishnubhotla et al., 2021), psychedelic-augmented medi-
tation mainly resulted in increased FC within the visual
network and between visual and attention-related net-
works. Supporting this distinction, a recent study found
that FC patterns were similar between acute psilocybin
and LSD administration but differed when compared with
meditation practiced in the scanner (Moujaes et al., 2024).
While this distinction may not be entirely unexpected, it
underscores an important point: Combining psychedelics
with mindfulness-based interventions may offer comple-
mentary benefits in therapeutic settings, potentially
enhancing both visual processing and attentional control.
The persistence of VIS-SAL connectivity changes
2 days post-administration indicates a potential window
of opportunity for therapeutic interventions such as visual
imagery exercises or to explore emotionally salient
aspects of the experience in a mindfulness-oriented way.
Both psychedelics and mindfulness-based practices
have independently demonstrated efficacy in alleviating
symptoms of various affective disorders and warrant fur-
ther exploration in clinical trials (Andersen et al., 2021;
Milliere et al., 2018; Sezer et al., 2022). A potential mech-
anism of synergy lies in the increased awareness and
mindfulness cultivated through meditation paired with
the capacity of psychedelics to induce profound alter-
ations in consciousness. This combination may be par-
ticularly beneficial during psychedelic therapy sessions,
where the depth of the psychedelic experience has been
correlated with therapeutic outcomes (Ko et al., 2022).

4.4. Disruption of cortical hierarchy: an acute
psychedelic phenomenon?

A novel aspect of our study is the examination of cortical
gradients and gradient dispersion in the subacute phase
following psychedelic administration. The human princi-
pal cortical gradient, extending from the lower-order sen-
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sorimotor regions to the higher-order transmodal
association cortex, serves as a fundamental organiza-
tional axis of the brain [69], whereas the second and third
cortical gradients typically represent axes from the visual
to insular cortex and from visual to areas covered by the
FPN (Bethlehem et al., 2020; Girn et al., 2022), which is
also evident in our data.

Recent neuroimaging studies suggest that altered
states of consciousness, such as those induced by psy-
chedelics such as psilocybin, LSD, and DMT, acutely dis-
rupt cortical gradient hierarchy (Girn et al.,, 2022;
Timmermann et al., 2023). Psychedelics appear to reduce
the differentiation of the evolutionarily younger, trans-
modal association cortex from lower-level sensory
regions, an effect captured by a contraction along the
principal cortical gradient (gradient 1). Beyond this, psy-
chedelics also diminish differentiation along gradient 2,
which separates visual regions from the insula and soma-
tomotor cortices, and gradient 3, which distinguishes
visual areas from FPN regions—suggesting a broad dis-
ruption of cortical functional organization (Girn et al.,
2022; Timmermann et al., 2023).

This “collapse” of gradient axes aligns with the immer-
sive, boundary-dissolving experiences commonly
reported during acute psychedelic states and likely
reflects a transient breakdown of established hierarchi-
cal organization in the brain. However, in our study, we
found no evidence of such a collapse in cortical gradient
architecture 2 days after the DMT-harmine or placebo
retreat experience. This absence of residual flattening in
the cortical hierarchy suggests that these alterations are
acute and reversible, normalizing once the drug effects
subside. It is also worth noting that our preprocessing
pipeline employed a relatively stringent denoising strat-
egy, which may have reduced sensitivity to subtle lasting
changes in cortical gradient architecture. To further
assess post-acute reorganization, we examined multi-
dimensional gradient dispersion—a measure of how
functionally distributed or spread cortical regions are
within the gradient space (Bethlehem et al.,, 2020;
Pasquini et al., 2023). While gradient dispersion has
been shown to increase with aging, reflecting a dediffer-
entiation of functional brain organization, and to decrease
in major depressive disorder (Pasquini et al., 2020), we
observed no significant differences between groups or
time points in our dataset. This further supports the
notion that large-scale cortical functional architecture
returns to baseline following the acute psychedelic state.

4.5. Limitations

Our study has several limitations that should be consid-
ered when interpreting the findings.
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A main issue in determining the synergistic effects of
meditation and psychedelic intervention is the absence
of both an intervention-free control group and a
meditation-free psychedelic group. To fully understand
the unique synergy that emerges when combining med-
itation and psychedelics, it would also be necessary to
include a group receiving only the pharmacological
intervention, without any meditation practice. Second,
our study design included only subacute scans. While
this adds to the currently limited literature of subacute
effects of ayahuasca, or ayahuasca-inspired formula-
tions (Pasquini et al., 2020; Sampedro et al., 2017),
future studies incorporating both acute and subacute
time points would provide a more complete understand-
ing of these effects. Another limitation is the blinding effi-
cacy, as most participants (>80%) recognized whether
they were in the active or placebo group (for further
details see Meling et al. (2024)). However, we note that
blinding is a ubiquitous problem in psychedelic research.
The FDA has recently made some suggestions to over-
come this issue, but a final solution has not yet been
reached (Aday et al., 2025; Psychedelic Drugs:
Considerations for Clinical Investigations Guidance for
Industry, 2023). We prioritized a pharmacologically inert
placebo to optimize neuroimaging contrasts, despite
reduced blinding efficacy. Active or low-dose controls
may better preserve blinding but risk confounding drug-
specific neural effects. The specific study sample, pri-
marily white and experienced meditators, limits the
generalizability of our findings to broader populations.
Notably, experienced meditators actively train to enter
altered states of consciousness and may be more accus-
tomed to such experiences than the general population.
This familiarity might reduce their susceptibility to the
perturbing effects of psychedelics, potentially contribut-
ing to the absence of strong effects observed 2 days
after the meditation retreat in both treatment groups.
Additionally, the group setting during the meditation
retreat may have influenced participants’ experiences.
Emphasis was placed on facilitating an introspective and
meditative setting, but some minor degree of indirect
interactions/influences between participants cannot be
ruled out. The DMT-harmine and placebo groups were
placed together, which could have led to an uninten-
tional blending of experiences across conditions, poten-
tially impacting connectivity outcomes and subjective
experiences. Also, the study was conducted in two sep-
arate retreats, which had the same structure, but the two
sessions could have influenced the outcomes of individ-
ual participants. Finally, the smoothing estimates for the
network connectivity analysis were on the lower side
with around 4-4.5 mm in each direction.
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4.6. Conclusion

In conclusion, our findings reveal that the combined
effects of DMT-harmine and meditation differ from medi-
tation alone, with each intervention producing distinct
functional connectivity changes that reflect their unique
neurobiological mechanisms. Enhanced functional con-
nectivity in visual and attention-related areas following a
psychedelic-enhanced mindfulness retreat complements
previous studies on psilocybin and ayahuasca in the con-
text of mindfulness practices. The absence of cortical
gradient disruption 2 days post-retreat highlights that the
reorganization observed during acute psychedelic states
is transient, emphasizing the brain’s ability to return to its
hierarchical organization after the psychedelic experi-
ence subsides. These results suggest that psychedelic-
augmented meditation may promote a more integrated
brain state than meditation alone, potentially enhancing
the depth and meaningfulness of subjective experiences.
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