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Figure 4. HMM decomposes DMN dynamics into five substates. Each panel shows the mean 
activity of each substate over the DMN regions, projected onto the cortical surface. Warm colors 

indicate relatively positive activity and cool colors indicate relatively negative activity. DMN substate 3 
is highlighted because it is the only substate with a significant change in switching rate (Figure 5). 
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Figure 5. Ibogaine is associated with significant decreases in the switching rate of DMN 
substate 3. Switching rate is defined as the frequency at which the brain moves from one hidden 
substate to another over time, and it is inversely related to the duration of a substate. Statistically 
significant changes in switching rate were determined based on a linear mixed-effects model with 

timepoint as fixed effect, and then FDR correction was used to adjust for multiple comparisons across 
the five states and two timepoints (IP and 1M). There was a significant decrease in the switching rate 
of DMN substate 2 between BL and IP, but not 1M. DMN substate 3 exhibited significant decreases 

in switching rate at both IP and 1M. In other words, DMN substate 3 exhibited significant increases in 
duration at both timepoints. * 0.01 < pFDR < 0.05. 

 

 . CC-BY-NC 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted July 22, 2026. ; https://doi.org/10.64898/2026.07.20.26358512doi: medRxiv preprint 

https://doi.org/10.64898/2026.07.20.26358512
http://creativecommons.org/licenses/by-nc/4.0/


29 

 
 

Figure 6. Decreases in the session-normalized switching rate of DMN substate 3 immediately 
after ibogaine are significantly correlated with the intensity of the mystical experience. To 
account for inter-individual differences in overall HMM switching propensity, the switching rate of 

DMN substate 3 per subject per session was divided by the mean switching rate of all five DMN 
substates for that subject and session. Pearson correlations were conducted between the mean score on 

the MEQ and the change in the session-normalized switching rate of DMN substate 3 at both 
timepoints (IP and 1M). FDR correction was used to adjust for multiple comparisons across the two 

timepoints. Red shaded bands represent the 95% confidence interval for the estimated mean regression 
line. (a) The change in  switching rate at IP is significantly anticorrelated with the mean MEQ score. 

(b) This correlation is still negative but not significant at 1M. 
 

 . CC-BY-NC 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted July 22, 2026. ; https://doi.org/10.64898/2026.07.20.26358512doi: medRxiv preprint 

https://doi.org/10.64898/2026.07.20.26358512
http://creativecommons.org/licenses/by-nc/4.0/


30 

 

 
 

Figure 7. DMN substate 3 means are positively correlated with a gradient of externally to 
internally oriented perception and cognition. (a) Schematic of the workflow used to construct the 
gradient. Cognitive Atlas terms were embedded in a latent semantic space and scored along an axis of 
internally to externally oriented perception and cognition. Specific terms were used as an anchors for 
‘internal’ (e.g., autobiographical memory, internal speech, and self knowledge) and for ‘external’ (e.g., 

visual attention, action perception, auditory perception). Corresponding Neurosynth/NeuroVault 
activation maps were then aggregated to generate parcel-level internal and external meta-analytic maps. 

(b) The resulting internal-external gradient projected onto Schaefer-200 DMN parcels, shown on 
lateral and medial cortical surfaces for both hemispheres. Warmer colors indicate parcels more strongly 

associated with the external end of the gradient, whereas cooler colors indicate parcels more strongly 
associated with the internal end. (c) Parcelwise correlation between the DMN internal-external 

gradient and the mean spatial pattern of DMN substate 3, showing a positive association (r = 0.346), 
consistent with greater positive weights in relatively lateral DMN regions and lower weights in 

relatively medial DMN regions. This correlation was significant under a spatial autocorrelation-aware 
null model (pspatial = 0.045). 
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Figure 8. Changes in session-normalized switching rate of DMN substate 3 are significantly 

correlated with clinical improvements one month after ibogaine. To account for inter-
individual differences in overall HMM switching propensity, the switching rate of DMN substate 3 

per subject per session was divided by the mean switching rate of all five DMN substates for that 
subject and session. Pearson correlations were computed between total scores on various clinical scales 
and session-normalized switching rate of DMN substate 3. These scales included the CAPS-5, which 

measures PTSD; MADRS, which measures depression; HAM-A, which measures anxiety; and 
WHODAS, which measures functional disability. Session-normalized switching rate of DMN substate 

3 was significantly and positively correlated with all clinical outcomes at the 1M timepoint.   
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Analysis Primary or Exploratory? 

Static within-DMN FC Primary 

Static within-network FC (of networks besides 
the DMN) 

Exploratory 

Static between-network FC Exploratory 

Correlation between static within-DMN FC and 
MEQ 

Primary 

Correlation between static within-DMN FC and 
clinical outcomes 

Exploratory 

Dynamic DMN substate switching rate Primary 

Dynamic DMN substate fractional occupancy Primary 

Correlation between dynamic DMN substate 
switching rate and MEQ 

Primary 

Correlation between dynamic DMN substate 
switching rate and clinical outcomes (including 

12 month follow-up) 

Exploratory 

Correlation between dynamic DMN substate 
topography and internal-external gradient 

Exploratory 

 
Table 1. Primary vs. exploratory analyses in this study. Generally speaking, correlations between 

static/dynamic measures of the DMN and MEQ scores were primary, since there is more evidence 
linking mystical experiences and psychedelic-induced changes in DMN activity or connectivity. 
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Supplementary Materials 
 

Supplementary Methods 
 

Supplementary Methods 1. Participants 
 
The MISTIC clinical trial was preregistered on ClinicalTrials.gov (identifier: NCT04313712). A total 
of 34 individuals were screened for participation, of whom 30 met eligibility criteria and completed 
both pre- and IP (3-4 days after ibogaine) treatment assessments. All participants were male Special 
Operations Veterans (SOVs) with a documented history of traumatic brain injury (TBI) due to blast 
exposure, head trauma, or combat. The mean age was 44.9 years (s.d. = 7.5). 28 out of 30 participants 
were White, which is a limitation of this study; findings may not generalize to non-White participants. 
Race, age, sex, and gender were self-reported. Participants reported an average of 38.6 (s.d. = 52.4) 
prior TBIs, ranging in severity from mild (n = 28) to moderate (n = 1) and moderately severe (n = 1), as 
assessed using the Ohio State University TBI Identification Method. Psychiatric diagnoses at study 
entry, determined via the Mini International Neuropsychiatric Interview (MINI), included PTSD (n 
= 23), major depressive disorder (n = 15), anxiety disorder (n = 14), and alcohol use disorder (n = 15). 
In line with treatment safety protocols, participants discontinued medications with potential for 
negative interactions with ibogaine, including diuretics, CYP2D6-inhibiting medications, serotonergic 
medications (that is, any that may increase risk of serotonin syndrome), calcium channel blockers, β-
blockers, benzodiazepines, stimulants, corticosteroids and all psychiatric medications. 
 
Supplementary Methods 2. Treatment 
 
All participants were referred by the nonprofit organization Veterans Exploring Treatment Solutions, 
Inc. (VETS), and, prior to referral, had independently arranged to receive ibogaine treatment at 
Ambio Life Sciences in Mexico. The MISTIC protocol involved oral administration of ibogaine 
(mean total dose = 12.1 ± 1.2 mg per kg). One to two hours prior to and 12 hours after ibogaine 
dosing, participants were pre-treated with intravenous magnesium sulfate (1 g) to mitigate 
cardiovascular risks, particularly Q-T interval prolongation. Prior to dosing, participants underwent 
medical evaluation and preparatory sessions with a licensed therapist regarding the ibogaine 
experience. These sessions included intention setting, tools for setting expectations and psychological 
preparation for the ibogaine experience, including anxiety management. Integration support was made 
available following treatment, in which therapists helped patients to process emotions and insights 
from the ibogaine experience. No psychotherapy was provided during the dosing session itself. 
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Because the psychoactive effects of ibogaine can persist for 24-72 hours or longer, participants 
remained under continuous medical monitoring for 72 hours post-administration. 
 
Supplementary Methods 3. fMRI data acquisition and preprocessing 
 
All participants were screened for MRI safety before scanning procedures. Scans were acquired using a 
3T GE Discovery MR750 scanner with a 32-channel head-neck imaging coil at the Center for 
Cognitive and Neurobiological Imaging at Stanford University. Whole-brain structural images were 
collected using GE’s BRAVO sequence (3-dimensional, T1-weighted [T1w], FOV = 256 x 256 mm, 
matrix = 256 x 256 voxels, TR = 6.39 ms, TE = 2.62 ms, slice thickness = 0.9 mm, flip angle = 12o). 
One whole-brain dual BOLD-ASL scan was also acquired, but is not analyzed in this study. Two 8-
minute whole-brain resting-state scans were acquired consecutively (TR = 1300 ms, TE = 30 ms, flip 
angle = 60o, slice multiband acceleration factor = 6, FOV = 230 x 230 mm, matrix = 128 x 128 voxels). 
All participants were instructed to keep their heads still and eyes open during the scan. During the 
resting-state task, they were asked to let their minds wander freely and avoid repetitive thoughts while 
attending to a white fixation cross on a black screen. Memory foam and inflatable padding were used 
to restrict head motion. Additionally, participants’ alertness was monitored using in-scanner video 
cameras. 
 
All fMRI blood-oxygenation-level-dependent (BOLD) data were preprocessed using fMRIPrep 
20.2.6,104,105 based on Nipype 1.7.0.106 Anatomical T1w images were skull stripped and corrected for 
intensity nonuniformity. Brain tissue segmentation of cerebrospinal fluid (CSF), white matter (WM), 
and gray matter was then performed on the brain-extracted T1w images. Finally, nonlinear registration 
was used to perform volume-based spatial normalization to standard spaces 
(MNI152NLin2009cAsym). The preprocessing steps were performed on both BOLD resting-state 
runs for each participant. First, a reference volume and its skull-stripped version were generated using a 
custom methodology of fMRIPrep. This was followed by an in-house pipeline applied, where all data 
were spatially smoothed (6-mm full width at half maximum Gaussian kernel); nuisance variables from 
nonbrain tissue signals (CSF, WM), global signal, and 24 motion parameters were regressed from the 
data; and a temporal bandpass filter (0.01–0.1 Hz) was applied. 
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Supplementary Figures and Tables 
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Supplementary Figure 1. Changes in FC within the DMN are not correlated with clinical 
outcomes. Pearson correlations were computed between total scores on various clinical scales and 

within-DMN FC. These scales included the CAPS-5, which measures PTSD; MADRS, which 
measures depression; HAM-A, which measures anxiety; and WHODAS, which measures functional 
disability. Due to the exploratory nature of these correlations, only uncorrected p-values are reported. 

None of the uncorrected p-values were significant. 
 

 . CC-BY-NC 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted July 22, 2026. ; https://doi.org/10.64898/2026.07.20.26358512doi: medRxiv preprint 

https://doi.org/10.64898/2026.07.20.26358512
http://creativecommons.org/licenses/by-nc/4.0/


37 

 
Supplementary Figure 2. Optimal number of HMM states is K = 5. We fitted HMMs ranging 

from K = 2 to K = 10 states. For each K, we computed the free energy, i.e., how well the HMM 
explains the observed data while penalizing unnecessary complexity. The optimal K was selected based 

on the first “elbow” of the K vs. free energy plot. 
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Supplementary Figure 3. Covariances differ across the five DMN substates. In addition to 
estimating the mean of each DMN substate (Figure 4), fitting the HMM also yields an estimate of 

their covariances. For each state, the top panel shows the covariance matrix, with warm colors 
indicating greater covariance and cooler colors indicating less covariance. The bottom panel shows the 
pairs of DMN regions in the top 1% of covariance, visualized using BrainNet Viewer (Xia et al., 2013). 

Compared to the other states, state 4 displayed the highest covariance and state 5 the lowest. Across 
states, the strongest covariance was generally exhibited by interhemispheric connections between 

midline DMN regions. 
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Supplementary Figure 4. Ibogaine does not have a significant effect on the fractional 
occupancy of DMN substates. Fractional occupancy is defined as the proportion of total time that 

the brain spends in a given state. Statistically significant changes in fractional occupancy were 
determined based on a linear mixed-effects model with timepoint as fixed effect, and then FDR 

correction was used to adjust for multiple comparisons across the five states and two timepoints. No 
states exhibited significant changes in fractional occupancy across any of the timepoints.  
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Supplementary Figure 5. After adjusting for head motion, age, and number of TBIs, ibogaine 
is still associated with a significant decrease in the switching rate of DMN substate 3 at both 

timepoints. (a) Head motion was measured with mean framewise displacement (FD) per session, 
which, together with age and number of TBIs (determined at screening), was included as a fixed effect 
in the linear mixed-effects model relating timepoint to the switching rate of each state. After multiple 
comparisons, the decrease in the switching rate of DMN substate 3 was still significant at both IP and 

1M. (b) Mean FD was not significantly correlated with the switching rate of DMN substate 3 at any of 
the three timepoints.  
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Supplementary Figure 6. Session-normalized DMN substate 3 switching rate at one month-
post ibogaine is positively correlated with some long-term clinical outcomes. To account for 

inter-individual differences in overall HMM switching propensity, the switching rate of DMN 
substate 3 per subject per session was divided by the mean switching rate of all five DMN substates for 
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that subject and session. Pearson correlations were computed between session-normalized switching 
rate of DMN substate 3 at the 1M timepoint and total scores on various clinical scales at IP and 12 

months-post ibogaine (12M). Clinical scales included the CAPS-5, which measures PTSD; MADRS, 
which measures depression; HAM-A, which measures anxiety; and WHODAS, which measures 
functional disability. After multiple comparisons, HAM-A and WHODAS scores at 12M were 

significantly and positively correlated with session-normalized switching rate of DMN substate 3 at 
1M.  
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Supplementary Figure 6. HMM on whole-brain activity reveals large-scale networks. HMMs 
were also fitted to the fMRI timeseries of the entire brain rather than just the DMN parcels. PCA was 
used to reduce fMRI data to 15 components and covariance was shared across states. K = 5 was found 
to be the optimal number of states, based on free energy. State means are shown on lateral and medial 
cortical surfaces for both hemispheres after back-projection from PCA space to parcel space. Warmer 

colors indicate parcels with relatively higher mean activity for a given state, whereas cooler colors 
indicate relatively lower mean activity. Among these five states, whole-brain state 3 showed the 

strongest positive correspondence with the DMN, as defined by the Schaefer parcellation (r = 0.25, p = 
0.0003); whole-brain state 5 showed the strongest negative correspondence (r = -0.24, p = 0.0004). 
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Supplementary Figure 7. Ibogaine does not have a significant effect on switching rates of 
whole-brain states. Switching rate is defined as the frequency at which the brain moves from one 
hidden state to another over time, and it is inversely related to the duration of a state. Statistically 

significant changes in switching rate of whole-brain HMM states were determined based on a linear 
mixed-effects model with timepoint as fixed effect, and then FDR correction was used to adjust for 

multiple comparisons across the five states and two timepoints (IP and 1M). Across states and 
timepoints, there was no significant effect of ibogaine on switching rate of whole-brain states. 
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Supplementary Figure 8. Session-normalized switching rate of whole-brain state 3 is not 
correlated with the intensity of the mystical experience at either timepoint. Whole-brain state 

3 is the state whose mean activation most strongly resembles the DMN. To account for inter-
individual differences in overall HMM switching propensity, the switching rate of whole-brain state 3 

per subject per session was divided by the mean switching rate of all five whole-brain states for that 
subject and session. Pearson correlations were conducted between the mean score on the MEQ and the 
change in the session-normalized switching rate of whole-brain state 3 at both timepoints (IP and 1M). 

FDR correction was used to adjust for multiple comparisons across the two timepoints. Red shaded 
bands represent the 95% confidence interval for the estimated mean regression line. The change in  

whole-brain state 3 switching rate at both timepoints is positively but not significantly correlated with 
the mean MEQ score. 
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Supplementary Figure 9. Session-normalized switching rate of whole-brain state 3 is not 

correlated with clinical improvements at either timepoint. Whole-brain state 3 is the state whose 
mean activation most strongly resembles the DMN. To account for inter-individual differences in 

overall HMM switching propensity, the switching rate of whole-brain state 3 per subject per session 
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was divided by the mean switching rate of all five whole-brain states for that subject and session. 
Pearson correlations were computed between total scores on various clinical scales and session-

normalized switching rate of whole-brain state 3. These scales included the CAPS-5, which measures 
PTSD; MADRS, which measures depression; HAM-A, which measures anxiety; and WHODAS, 

which measures functional disability. Session-normalized switching rate of whole-brain state 3 was not 
correlated with any of the clinical outcomes at either timepoint.   
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Analysis Network(s) Contrast Beta SE p q (BH-FDR) 

Within-network Cont 1M vs BL -0.001 0.010 0.954 0.954 

Within-network Cont IP vs BL -0.004 0.009 0.705 0.882 

Within-network Default 1M vs BL -0.028 0.012 0.025 0.175 

Within-network Default IP vs BL -0.016 0.012 0.168 0.438 

Within-network DorsAttn 1M vs BL -0.022 0.017 0.188 0.438 

Within-network DorsAttn IP vs BL -0.024 0.016 0.136 0.438 

Within-network Limbic 1M vs BL -0.005 0.017 0.756 0.882 

Within-network Limbic IP vs BL -0.034 0.017 0.041 0.191 

Within-network SN 1M vs BL -0.024 0.020 0.232 0.464 

Within-network SN IP vs BL -0.064 0.020 0.001 0.016 

Within-network SomMot 1M vs BL -0.032 0.030 0.277 0.485 

Within-network SomMot IP vs BL -0.017 0.029 0.541 0.757 

Within-network Vis 1M vs BL 0.004 0.020 0.840 0.905 

Within-network Vis IP vs BL 0.013 0.019 0.502 0.757 

Between-network Cont - Default 1M vs BL -0.179 0.118 0.129 0.531 

Between-network Cont - Default IP vs BL 0.132 0.114 0.248 0.531 

Between-network DorsAttn - Cont 1M vs BL -0.209 0.155 0.178 0.531 

Between-network DorsAttn - Cont IP vs BL 0.071 0.150 0.635 0.740 

Between-network DorsAttn - Default 1M vs BL -0.206 0.128 0.108 0.531 

Between-network DorsAttn - Default IP vs BL 0.077 0.125 0.538 0.718 

Between-network DorsAttn - Limbic 1M vs BL -0.346 0.142 0.015 0.316 
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Between-network DorsAttn - Limbic IP vs BL -0.147 0.138 0.286 0.531 

Between-network DorsAttn - SN 1M vs BL -0.203 0.166 0.223 0.531 

Between-network DorsAttn - SN IP vs BL 0.044 0.161 0.783 0.843 

Between-network Limbic - Cont 1M vs BL -0.313 0.143 0.029 0.405 

Between-network Limbic - Cont IP vs BL -0.055 0.139 0.692 0.785 

Between-network Limbic - Default 1M vs BL -0.305 0.126 0.015 0.316 

Between-network Limbic - Default IP vs BL -0.068 0.121 0.574 0.718 

Between-network SN - Cont 1M vs BL -0.159 0.154 0.304 0.531 

Between-network SN - Cont IP vs BL 0.105 0.150 0.483 0.698 

Between-network SN - Default 1M vs BL -0.149 0.130 0.253 0.531 

Between-network SN - Default IP vs BL 0.126 0.126 0.320 0.538 

Between-network SN - Limbic 1M vs BL -0.253 0.167 0.129 0.531 

Between-network SN - Limbic IP vs BL -0.014 0.163 0.929 0.961 

Between-network SomMot - Cont 1M vs BL -0.191 0.175 0.274 0.531 

Between-network SomMot - Cont IP vs BL 0.062 0.169 0.713 0.788 

Between-network SomMot - Default 1M vs BL -0.176 0.138 0.200 0.531 

Between-network SomMot - Default IP vs BL 0.074 0.133 0.581 0.718 

Between-network SomMot - DorsAttn 1M vs BL -0.267 0.190 0.161 0.531 

Between-network SomMot - DorsAttn IP vs BL -0.014 0.185 0.938 0.961 

Between-network SomMot - Limbic 1M vs BL -0.312 0.172 0.070 0.531 

Between-network SomMot - Limbic IP vs BL -0.083 0.168 0.620 0.740 

Between-network SomMot - SN 1M vs BL -0.194 0.174 0.267 0.531 

Between-network SomMot - SN IP vs BL 0.002 0.168 0.993 0.993 
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Between-network Vis - Cont 1M vs BL -0.125 0.121 0.301 0.531 

Between-network Vis - Cont IP vs BL 0.162 0.117 0.166 0.531 

Between-network Vis - Default 1M vs BL -0.137 0.101 0.175 0.531 

Between-network Vis - Default IP vs BL 0.150 0.098 0.125 0.531 

Between-network Vis - DorsAttn 1M vs BL -0.121 0.128 0.346 0.559 

Between-network Vis - DorsAttn IP vs BL 0.084 0.124 0.498 0.698 

Between-network Vis - Limbic 1M vs BL -0.191 0.119 0.107 0.531 

Between-network Vis - Limbic IP vs BL -0.064 0.115 0.579 0.718 

Between-network Vis - SN 1M vs BL -0.098 0.133 0.462 0.693 

Between-network Vis - SN IP vs BL 0.160 0.129 0.216 0.531 

Between-network Vis - SomMot 1M vs BL -0.105 0.139 0.448 0.693 

Between-network Vis - SomMot IP vs BL 0.141 0.135 0.296 0.531 

 
Supplementary Table 1. Effect of ibogaine on within- and between-network functional 
connectivity. Statistically significant changes in within-network FC were determined based on a 

linear mixed-effects model with timepoint as fixed effect, and then false discovery rate (FDR) 
correction was used to adjust for multiple comparisons across the seven networks. The only change 
that survived multiple comparisons (bold) was a decrease in the within-network FC of the salience 

network (SN) at IP. Ibogaine did not have a significant effect on between-network functional 
connectivity for any pairs of networks. 
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