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ARTICLE INFO ABSTRACT

Keywords: Objective: We aimed to evaluate the effect of Lysergic acid diethylamide (LSD) on the pain neural
LD network (PNN) in healthy subjects using functional magnetic resonance imaging (fMRI).

fMRI

Methods: Twenty healthy volunteers participated in a balanced-order crossover study, receiving

it;r;;nonal connectivity intravenous administration of LSD and placebo in two fMRI scanning sessions. Brain regions
ICA associated with pain processing were analyzed by amplitude of low-frequency fluctuation (ALFF),
DCM independent component analysis (ICA), functional connectivity and dynamic casual modeling

(DCM).

Results: ALFF analysis demonstrated that LSD effectively relieves pain due to modulation in the
neural network associated with pain processing. ICA analysis showed more active voxels in
anterior cingulate cortex (ACC), thalamus (THL)-left, THL-right, insula cortex (IC)-right, parietal
operculum (PO)-left, PO-right and frontal pole (FP)-right in the placebo session than the LSD
session. There were more active voxels in FP-left and IC-left in the LSD session compared to the
placebo session. Functional brain connectivity was observed between THL-left and PO-right and
between PO-left with FP-left, FP-right and IC-left in the placebo session. In the LSD session,
functional connectivity of PO-left with FP-left and FP-right was observed. The effective connec-
tivity between left anterior insula cortex (1AIC)-1AIC, 1AIC-dorsolateral prefrontal cortex (dIPFC)
and secondary somatosensory cortex (SII)-dIPFC were significantly different. Finally, the corre-
lation between fMRI biomarkers and clinical pain criteria was calculated.

Conclusion: This study enhances our understanding of the LSD effect on the architecture and
neural behavior of pain in healthy subjects and provides great promise for future research in the
field of cognitive science and pharmacology.
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1. Introduction

LSD is a well-known serotonergic hallucinogen or psychedelic drug that modulate human consciousness in a profound and novel
way. It was first synthesized in 1938 and its extraordinary psychological properties were not discovered until 1943. However,
increasing recreational use and its devastating impact on youth culture led to LSD became illegal in the late 1960s. As a result, studies
on the effects of LSD on human cognition and perception came to a halt for half a century. Recently, there has been a resurgence of
interest in the therapeutic effects of psychotropic agents (eg, psilocybin and ayahuasca) and in this regard a number of new reports on
the psychological effects of LSD have also been published. On the other hand, the use of psychedelics to assist in the treatment of pain
has been widely discussed, and a significant number of clinical studies over the past decade demonstrate that psychedelic drugs have
exploratory value in mediating or treating chronic pain conditions. LSD has been shown to have therapeutic properties and play a role
in pain management; however, how LSD treatment affects the brain network involved in pain processing is still unknown.

Modern functional neuroimaging techniques have mainly focused on the acute effects of psychedelic drugs with the aim of
detecting the neural correlates of their psychedelic state [1]. On the other hand, functional neuroimaging studies have delineated brain
network changes in chronic pain. Among different functional imaging techniques, fMRI scanning has been of great interest because of
its high spatial resolution, ability to assess deep areas of the brain (most pain-related areas located deep in the brain), as well as
remarkable anatomical resolution during brain activity mapping (3).

Recently, functional neuroimaging has provided a sensitive tool for investigation how LSD affects the brain. Previous fMRI studies
have mainly focused on the effect of LSD on regional brain activity and neural substrate of emotional processing, self-processing, social
cognition and concomitant subjective experience in healthy subjects (4-8). However, the LSD-induced changes in neural activity of the
pain network have not yet been investigated [2,3].

Advanced data analysis includes: modelling of both functional connectivity and effective connectivity, modelling of information
flow within brain networks, with the aim of identifying active brain regions that depend on inter-regional coherence or connectivity. In
addition, these models can determine the interaction of intra-network regions, specific pathways in the cerebral cortex as well as the
temporal dependence (causality) of regional brain activity [4]. In the current study, functional and effective connectivity modeling
were used to deduce the connectivity patterns of LSD effect on brain regions that are associated with pain processing. In this regard, the
effects of causality between those brain regions that have received more attention in previous research and their role in neuropsy-
chiatric mechanisms are very common, were also investigated [5,6]. With this approach, healthy individuals were randomly selected
to receive LSD and placebo, and the PNN that is thought to be primarily affected by LSD, including 1AIC, thalamus, SII, ACC, and dIPFC,
were investigated using advanced fMRI analysis methods.

2. Materials and methods
2.1. Patients

A total of 20 healthy volunteers participated in the study. The research design was explained in detail and participants signed
written informed consent after screening for physical and mental health. Physical health screening included ECG analysis, routine
blood test, urine drug test and pregnancy test. A psychiatric interview was conducted and participants presented their history of drug
use. Main exclusion criteria include: age younger than 21 years old, any history of diagnosed psychiatric illnesses or a family history of
psychotic disorders, previous experience with a classic psychedelic drug (e.g. LSD, mescaline, psilocybin/magic mushrooms or DMT/
ayahuasca), any use of psychedelic drug during the last 6 weeks before entering the study, pregnancy, problematic alcohol con-
sumption (consuming more than 40 units/week), or any important medical condition that makes the participant unfit to enter the
study. Data was also acquired from the Openneuro site (https://openneuro.org/datasets/ds003059/versions/1.0.0/1.0.0).

2.2. Study design

This research was approved by the National Research Ethics Service (NRES) committee London — West London and was conducted
in accordance with the ethical standards of declaration of Helsinki (2000). Imperial College London sponsored the research and a
Home Office license was obtained for research with schedule one drugs.

A balanced order and within subjects/cross over design was chosen to compare LSD with a carefully matched placebo. Twenty
healthy volunteers participated in two scanning sessions, given at least 2 weeks apart. Sessions included an fMRI followed by a MEG
scanning, each lasting 75 min. The resting-state (task free) data were acquired under eye-closed condition. LSD (75 pg in 10 mL saline)
or placebo (10 mL saline) was administrated via intravenous (IV) infusion over 2 min. According to the study protocol, one day
participants were given placebo and the next day LSD. The order of the conditions was balanced among the participants and the
participants were blind to this order, but the investigators were not. Then, participants underwent two resting state arterial spin la-
beling (ASL) scans 100 min after medication administration, as the initial phase of pharmacological peak of LSD occurs at 120-150 min
post infusion. In addition, for each session, two 14 min BOLD resting-state fMRI scans and two MEG resting state scans were acquired
135 min and 225 min post-infusion. Study procedures were explained in detail to the participants. Moreover, before the acquisition
session, participants were screened for (psychotropic) drugs abuse and pregnancy (where relevant) by means of a urine test, as well as a
breathalyzer test was performed for recent alcohol use. Also, participants in this study made visual analogue scale (VAS) ratings to rate
the intensity of pain sensation using button presses and a projection screen visible from within the scanner. The 11-item altered states
of consciousness (ASC) questionnaire (26) was completed at the end of each scan day. Closed visual hallucinations and other marked
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changes in consciousness under LSD were reported by all participants (Fig. 1). It was observed that the intensity of the subjective
effects of LSD was relatively stable for ASL and BOLD scans, while it decreased somewhat for MEG (Table 1). For more method details
see SI Appendix [7].

2.3. fMRI data preprocessing

To minimize the effects of instability in the scanner magnetic moment, the first 5 frames were removed from each participant’s
imaging data. Then data were analyzed using the SPM 12 software package (Statistical Parametric Mapping, http://www.fil.ion.ucl.ac.
uk/spm/) with the Functional Connectivity (CONN) toolbox (http://web.mit.edu/swg/software.htm) running on MATLAB (2016Db).
The following pre-processing steps were applied to each subject’s time-series of fMRI: slice-timing, realignment, spatial co-registration,
segmentation, normalization and smoothing. The time difference between slice image acquisitions was corrected by slice-timing.
Subject motion in fMRI data was also corrected by realignment procedure so that the images were removed from the study with a
displacement of more than 1.5 mm. In order to improve the image quality, the adverse effects of the tissues were removed during the
segmentation stage. Anatomical images were co-registered on functional images and normalization was performed by transferring data
to the anatomical standard MNI space. Finally, alterations in regional cerebral blood flow were estimated at the smoothing stage by
applying a 6 mm wide Gaussian filter to the functional images.

2.4. Brain activity analysis

ALFF analysis determines regional brain activity by measuring changes in the intensity of blood oxygen level-dependent (BOLD)
signal. The regional homogeneity (ReHo) approach explores the activated brain regions by calculating the similarity of the BOLD signal
of voxels in the active region with those of its nearest neighboring regions in a voxel-wise way [8]. The CONN toolbox was used for
seed-to-voxel analyses by computing the temporal low-frequency fluctuations of BOLD signals. To measure the ALFF, the BOLD signal
of each brain voxel was filtered using a mid-pass or down-pass filter and its root-mean-square was calculated in CONN toolbox.

ALFF(x) = /237 (£(6) # S(x. 1) (eq 1)

N: number of time points, S: BOLD time series, and f: mid-pass or low-pass filter.
CONN network analysis summarizes the characteristics of voxel-to-voxel connectivity in the activated brain regions as a set of
values in each voxel. For further study, See Tae et al. [9].

Altered states of consciousness (ASC) questionnaire
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Fig. .1. The 11 ASC factors were completed at the end of the scan days and a radar plot with total mean values (0-1) was reported for the placebo
(gray) and LSD (blue) conditions. It was found that under LSD, ten of the 11 factors were rated significantly higher than placebo with “anxiety” as an
exception [7].
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Table 1

Mean values (possible range = 0-20, steps = 1) and positive standard errors for VAS ratings at 3 different time points after LSD and placebo
administration. Under LSD, all items were rated significantly higher than placebo in all 3 methods. (P < 0.05/6, Bonferonni correction, methods). EC
= eyes closed [7].

VAS Ratings End of ASL scans (100 min post End of BOLD scans (135 min post  End of EC MEG scans (135 min post
inj.) inj.) inj.)
LSD + mean SEM) Intensity 11.7 (0.8) 12.4 (0.9) 6.6 (0.8)
Simple hallucinations 10.4 (1.7) 909 (1.5) 6.5 (1.3)
Complex 8.0 (1.6) 7.4 (1.7) 4.3(1.1)
hallucinations
Emotional arousal 1.06 (0.9) 11.2(1.2) 6.4 (1)
Positive mode 7.8 (1.4) 7.0 (1.5) 5.3(1)
Ego-dissolution 4.4(1.3) 5.7 (1.7) 3.3(1.1)
Placebo + mean Intensity 0.2 (1.8) 0.2 (0.15) 0.17 (0.14)
SEM) Simple hallucinations 0.17 (0.1) 0.17 (1.0) 0.1 (0.4)
Complex 0.1 (0.9) 0.03 (0.03) 0 (0)
hallucinations
Emotional arousal 0.9 (0.3) 0.8 (0.3) 0.8 (0.35)
Positive mode 0.7 (0.3) 0.3 (0.15) 0.4 (0.25)
Ego-dissolution 0.2 (0.2) 0(0) 0 (0)

2.5. Resting state networks (RSN) identification using ICA analysis

ICA is a data-driven, multivariate and model-free analysis that decomposes fMRI data of the whole brain into a number of sta-
tistically independent spatial components that are temporally correlated to each other. ICA is widely used in neural network analysis to
investigate functional connectivity between activated brain regions and their susceptibility to a particular disease [8]. In this study,
ICA calculation was performed using 64 components. Group-level spatial maps were extracted using the CONN toolbox and consid-
ering pain-related nodes including IC r, IC 1, THL-right and THL-left, FP r, FP 1, ACC, PO r, PO L.

2.6. ROI-to-ROI connectivity of pain neural network

Functional connectivity considers the brain as a complex network consisting of a set of nodes and edges to study the topological
organization of its neural networks. Using mRRC method, the general and regional characteristics of the brain can be evaluated (12). At
this stage, functional analysis was performed using the ROI-to-ROI function in the CONN toolbox. For two-way ROI-to-ROI analysis, we

® or
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Fig. .2. Selected brain regions associated with the PNN.
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performed p-false discovery rate (FDR) estimation and permutation test (10,000 permutations) for ICr, IC1, FP r, FP 1, ACC, PO r, PO,
and left/right thalamus. General and regional brain characteristics for different ROIs were obtained using functional connectivity
analysis (mRRC) and calculation of correlation coefficients and their FDR-corrected values at a significant level of P < 0.05.

2.7. Analysis of effective connectivity between brain regions using DCM

DCM is a computational approach used in neuroimaging, particularly in fMRI studies, to investigate the effective connectivity
among brain regions [10-12]. It employs a Bayesian framework to quantify uncertainty, incorporate prior knowledge, make statistical
inferences about the underlying neural dynamics, and estimate the most likely neural network model based on observed fMRI data
[13]. DCM allows researchers to infer the causal relationships between brain regions and how these connections change over time in
response to stimuli or tasks. By specifying a set of plausible neural models and comparing them against the fMRI data, DCM can help
researchers identify the most likely network architecture and how it is modulated by experimental manipulations [14,15]. In this
study, DCM analysis was used to determine significant changes in effective connectivity between activated brain regions. The DCM
method involves selecting a set of regions, extracting related time series, model selection and estimation, as well as session analysis,
which is outlined below.

2.7.1. Region selection and related time series extraction

In this step, specific brain regions of interest (ROIs) are selected based on previous studies and the opinions of neuroscientists about
the neural network involved in pain processing. These regions serve as nodes in the connectivity model. Time series data are then
extracted from these regions by averaging the fMRI signal across voxels within each region. These time series show LSD-induced neural
activity in selected regions over time. The extracted time series are used as input data for the DCM analysis, where the effective
connectivity between regions is estimated [16,17]. For this purpose, the ROIs of ACC, SII, dIPFC, 1AIC, and left posterior insular cortex
(IPIC), which are associated with pain processing, were selected according to Fig. 2 and Table 2. The time series of ROIs were also
extracted using ALFF analysis.

2.7.2. DCM model determination

Effective connectivity analysis was performed using the method proposed by Friston. Friston’s DCM method involves specifying a
set of brain regions or nodes, defining the connections between them, and estimating the strength and direction of these connections
[10]. Whit this approach, we tried to identify the best DCM model by considering cognitive science information, neurological as-
sumptions, and Bayesian framework. Connectivity graphs in brain regions associated with the pain processing was generated using the
selective model in Fig. 3.

2.7.3. DCM model estimation and session analysis

Model estimation was used to fit the selected neural network model to the fMRI data to estimate the parameters governing the
effective connectivity between regions involved in pain processing. This process uses Bayesian inference to optimize the model pa-
rameters and generate estimates of how neural activity is influenced by connections within the network [18]. Also, the model esti-
mated for several fMRI sessions was analyzed to investigate how the connectivity patterns changed after LSD administration [19]. In
this regard, DCM model was estimated for all fMRI-data and effective connectivity between activated regions was extracted for all
subjects. False Discovery Rate (FDR) method with a statistically significant value of P = 0.05 was used for session analysis. Correlating
parameters were compared between the two sessions by Adopted Bayesian Parameter Averaging (BPA) method.

2.8. Determine the differences between brain effective connectivity using statistical analysis

All statistical procedures were conducted using SPPS software for Windows. Numerical values were examined for normal distri-
bution using the Kolmogorov-Smirnov test at the significant level of a = 0.05. For values with normal distribution, t-test and for values
with non-normal distribution, Man-Whitney test was used to compare the relationship between several values. (a = 0.05). The boxplots
were drawn to evaluate the differences in the effective connectivity of activated brain regions between placebo and LSD sessions.

Table 2
Coordinates of the selected brain regions.

MNI Coordinates

ROI X Y Z
ACC 7 27 29
SIT 56 —22 24
dIPFC 35 39 31
1AIC -30 23 -2
1PIC -38 -6 5
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Fig. 3. Selective model for evaluating effective connectivity of the activated brain regions at resting state fMRI.

3. Results
3.1. ALFF analysis

Brain activation patterns in the PNN for the resting state were generated using ALFF analysis. Regional activities of the placebo and
LSD sessions were shown in Figs. 4 and 5, respectively. Bar graphs display the mean and standard error of the activation in the cor-
responding brain regions. Fig. 6 shows the brain-activated regions caused by placebo > LSD state.

The number of activated voxels in placebo and LSD with a focus on the brain regions associated with pain processing is shown in
Table 3.

As shown in Table 3, based on the ALFF analysis, the placebo session showed more activated voxels than the LSD session in all brain
regions associated with pain sensation and processing. Moreover, in FP r, FP | and ACC regions, 42, 31 and 559 active voxels were
obtained, respectively (P < 0.05).

RSN Identification using ICA Analysis.

The results of the ICA analysis for the placebo and LSD as well as the placebo > LSD mode in brain regions associated with pain
processing were shown in Fig. 7 (a - i), 8(a - i), 9(a - i), and Table 4. The study regions were selected according to a neuroscientist.
Additionally, brain activation maps associated with the PNN in the placebo and LSD sessions as well as the placebo > LSD mode were
shown in Figs. 6-8 (P < 0.05) (see Fig. 9).

The statistical characteristics of brain regions associated with pain processing using ICA analysis in placebo, LSD, and placebo >
LSD mode is given in Table 4.

According to Table 4, the number of activated regions in brain regions of ACC, thalamus left, thalamus right, ICr, PO 1, PO r and FP
1, in the placebo session is higher than in the LSD session. On the other hand, the number of activated voxels in brain regions of FP 1 and
IC ], in the LSD session is more than the placebo session.

3.2. Functional connectivity analysis

The functional connectivity patterns determined based on Multivariate ROI-to-ROI Connectivity (mRRC) analysis in the PNN for
the placebo and LSD sessions are shown in Figs. 10 and 11, and Table 5, respectively. In the placebo session, the left thalamus is
functionally connected to the PO. In addition, the PO 1is functionally connected to the set of regions FP 1, FP r, and IC 1 (Fig. 10). In the
LSD session, the PO 1 is functionally connected to the FP 1 and FP r (Fig. 11).

3.3. DCM analysis

DCM analysis was performed to compare the values of connectivity parameters between placebo and LSD sessions. Between-session
comparisons of effective connectivity strength were performed using two-sample t-tests and the post hoc Mann-Whitney U test. As
shown in Fig. 12, the effective connectivity between 1AIC- 1AIC, 1AIC -dIPFC, and SII-dIPFC were significantly different (P < 0.05)
(Table 6).

4. Discussion

In this study, we evaluated the effect of LSD, a potent psychedelic drug, and a placebo on changes in the function of the brain
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Fig. .4. ALFF analysis in the placebo session. Orange indicates a significant increase and blue indicates a significant decrease in the activity of brain
regions associated with pain processing compared to baseline. The bar graphs show the signal intensity values in brain activated regions.

regions associated with the pain perception and processing in healthy subjects. To the best of our knowledge, we are the first who
conduct a comprehensive study and analysis based on fMRI biomarkers to investigate the LSD effect on the pain neuro circuitry.

For this purpose, functional connectivity, ALFF, ICA, and DCM analysis were used and the findings provide detailed information on
the brain activity and neural connectivity patterns, improving our understanding of LSD effects on architecture and underlying
neuronal processes of pain in healthy participants.

Like other sensory modalities, signals from painful stimuli are transmitted to the thalamus via the spinal cord and brainstem and are
eventually distributed to the various regions of the brain, including the cortex, sub cortex, and limbic system. The communication
between brain regions is first revealed by changes in neural activity and functional networks, such as salience network (SN), default
mode network (DMN), and central executive network (CEN) It is then followed by processing other aspects of pain including: sensory
signals, sensory perception, cognitive and emotional reactions. As a result of stimulating these different pain pathways in the brain, an
appropriate response to the pain stimulus is produced [20].

Previous studies have shown how multiple brain regions are involved in pain processing, connectivity and functional changes.
However, there are still many uncertainties about the brain functions in processing and controlling pain, and their identification
requires further studies. A number of studies have analyzed PNN, analgesic methods and their mechanism of action and reported that
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Fig. .5. ALFF analysis in the LSD session. Orange indicates a significant increase and blue indicates a significant decrease in the activity of brain
regions associated with pain processing compared to baseline. The bar graphs show the signal intensity values in brain activated regions.

pain leads to patient disability by reducing the volume and activity of related areas in the brain. It has also been demonstrated that the
use of analgesic drugs with simultaneous psychoactive and sedative effects (such as Morphine) reverses the changes caused by pain and
can improve the performance of patients [21,22]. fMRI results showed that the thalamus is involved in processing sensory stimuli by
sending pain signals to different areas of the brain. The ACC and dIPFC regions were found to play a significant role in emotional and
cognitive processing of sensory stimuli, integrating this information and generating appropriate responses. They also affect the
endogenous analgesic pathway. On the other hand, the results confirmed the more important role of the insula and PO region in
processing emotional reactions to pain stimuli due to their close communication with each other. In addition, the FP region is mainly
involved in modulating attention to different stimuli and targets and comparing them with each other, and selecting the appropriate
responses [5,6,20,23-25].

In the present study, it was found that in both LSD and placebo sessions, spontaneous activity increases in all brain regions which is
consistent with other similar studies of analgesic methods [26,27]. This increase in spontaneous activity may not be detected due to the
lower spatial resolution of the EEG modality, whereas it is observed in fMRI imaging, although further studies are still needed to prove
this issue.

However, ICA analysis indicated that in the left IC and left FP, the increase in activity in the LSD session was greater than in the
placebo session, and in other brain regions, in the placebo session was greater than the LSD session [28]. Considering the role of the
mentioned regions in information processing, it seems that LSD has a more effective performance in controlling emotions caused by
pain and improving the individual’s attention to different targets, as well as selecting appropriate response and making better de-
cisions. Furthermore, given the role of the ACC and IC regions in the analgesic effects of the endogenous path through PFC to PAG, it is
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Fig. .6. ALFF analysis in the placebo > LSD state. Orange indicates a significant increase and blue indicates a significant decrease in the activity of
brain regions associated with pain processing compared to baseline. The bar graphs show the signal intensity values in brain activated regions.

Table 3

Number of activated voxels in the brain regions associated with pain processing.
Region Placebo number of voxels (0.001) LSD number of voxels (0.001)
FPr 4297 3541
FP1 2817 2672
ACC 682 392
Thalamus r 651 388
Thalamus 1 547 419
ICr 289 202
(o] ] 235 114
POr 196 145
PO1 116 64

concluded that increased activity of these brain regions due to the effect of LSD and placebo can reduce pain by enhancing the effects of
endogenous analgesia. These findings are consistent with studies done in pain processing of chronic arthritis [26].

Increased neural activity in the thalamus due to the effects of LSD and placebo can also promote the information transfer rate
between brain regions and improve its activity and function.

Some studies have shown that the increased PO activity along with decreased connectivity with the insula can relieve neuro-
behavioral excitability and pain-induced discomfort [23]. Therefore, the increased activity observed in the PO region affected by LSD
and placebo may be effective in preventing such reaction. Functional connectivity analysis of active brain regions in the placebo
session has shown a connection between the left PO and the left IC.

Due to the greater activity of the left PO and the lower activity of the left IC in the placebo session compared to the LSD session, this
connection seems to be negative, making both the left PO and the left IC less capable in processing and generating emotional responses.
Therefore, in line with other studies, it can probably lead to a reduction in pain sensation [29].

Other studies have reported that attention to pain increases the perception of pain, and thus its lack of attention is important in
assessing the placebo effect [6]. In the present study, due to the connections between left PO and left and right FPs observed in the
placebo session, the placebo analgesic effect is likely to be associated with changes in attention. However, given that placebo is more
effective on increasing the activity of left PO and right FP and less effective on the activity of left FP, it seems that increased activity in
left PO is directly related to right FP and inversely related to left FP, and therefore right and left FPs play different roles in distributing
attention to different stimuli and targets. Of course, these issues need to be further explored. It has also been shown that under the
better effect of placebo on the activity of both left and right POs, the left thalamus has a direct connection with the right PO and
therefore pain sensation reduces in the placebo session.

In addition, functional connectivity analysis in the LSD session showed connections between the left PO and both the left and right
FPs. Compared with placebo, LSD does not significantly increase left PO and right FP activities, while increasing left FP activity.
Consequently, less activity of left PO is inversely related to left FP and has an inhibitory effect, whereas its effect on right FP is probably
stimulatory. These communications can also indicate the different roles of left and right FPs in controlling and distributing attention to
different targets.
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Fig. 7. Each frame shows activation maps in one of the target brain regions in the placebo session. The red color spectrum indicates an increase in
activity and the blue color spectrum indicates a decrease in activity compared to the baseline state. a) ACC, b) FP I, ¢) FP r, d) THL-left, e) THL-right,
f)Pol,g) Por,h)ICland I) ICr.

Table 4
Results of ICA analysis in brain regions associated with pain processing.

Region Coordinate Session Voxel State P

ACC —12,44,8 Placebo 909 7.33917 0.000044
LSD 92 5.65848 0.0000310

Thalamus left -12, -22,0 Placebo 1220 6.92694 0.000069
LSD 897 7.78028 0.000028

Thalamus right 8,-4,0 Placebo 1097 7.13566 0.000055
LSD 933 5.37223 0.000449

IC left -30, 24,0 Placebo 428 9.555368 0.000005
LSD 448 -10.0777 0.000003

ICr 36, 12, -2 Placebo 600 8.37917 0.000015
LSD 439 —7.02365 0.000062

PO1 —50, —38, 26 Placebo 203 6.77817 0.000081
LSD 150 —5.39501 0.000436

POr 42, —32, 24 Placebo 203 5.67743 0.000303
LSD 43 8.29944 0.000016

FP1 —18, 42, —12 Placebo 100 6.07597 0.000185
LSD 257 5.71824 0.000288

FPr 26, 40, —16 Placebo 810 6.00687 0.000201
LSD 821 5.27491 0.000511
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Fig. .8. Each frame shows activation maps in one of the target brain regions in the LSD session. The red color spectrum indicates an increase in
activity and the blue color spectrum indicates a decrease in activity compared to the baseline state. a) ACC, b) FP 1, ¢) FP r, d) THL-left, e) THL-right,
f)Pol,g) Por,h)ICland I) ICr.

The results of DCM analysis showed that placebo significantly increased the 1AIC-1AI effective connectivity compared to LSD. On
the other hand, placebo significantly reduced the effective connectivity of 1AIC-dIPFC and SII-SII compared to LSD. Since the insula is
involved in the development of emotional responses, this result may indicate that LSD is not very effective in controlling emotional
effects.

There was no change in effective connectivity of IAIC-dIPFC in the LSD session, whereas a negative connectivity was observed in the
placebo session, indicating a reduction in the transmission of emotional information from the insula to the dIPFC as well as a reduction
in stimulus-induced emotional processing in subjects. On the other hand, the negative effective connectivity of SII-dIPFC obtained in
the placebo session could indicate a decrease in both information transfer from SII to dIPFC and processing of sensory stimuli. Also in
the LSD session, a positive effective connectivity was found between SII and dIPFC, probably indicating an improvement in information
processing of the nature of the stimulus under the influence of LSD.

In comparison with other psychedelics such as psilocybin and MDMA (3, 4-methylenedioxymethamphetamine), studies have
shown both psilocybin and LSD impact brain connectivity and dynamics, with psilocybin showing significant increases in network
global signal complexity and persistent alterations in hippocampal-DMN connectivity, while LSD induces changes in visual cortex
activity, resting-state connectivity, and brain state dynamics associated with visual hallucinations and ego-dissolution [30,31].
Overall, both psilocybin and LSD exhibit unique but overlapping effects on brain function and connectivity, contributing to altered
states of consciousness and perception [32,32].

In contrast, MDMA enhances emotional empathy and prosocial behavior, impacting brain regions associated with empathy and
emotional processing [33].Comparing the neurological changes during LSD and MDMA use, LSD induces marked alterations in waking
consciousness, leading to changes in thalamocortical connectivity, visual cortex activity, and network dynamics associated with visual
hallucinations and ego-dissolution. While both LSD and MDMA have psychoactive effects, their specific neurological changes and
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Fig. 9. Each frame shows activation maps in one of the target brain regions in the placebo session compared to the LSD session. The red color
spectrum indicates an increase in activity and the blue color spectrum indicates a decrease in activity compared to the baseline state. a) ACC, b) FP 1,
c) FP r, d) THL-left, ) THL-right, f) Po 1, g) Por, h) ICland I) IC r.

mechanisms of action differ, with LSD primarily affecting brain connectivity and visual processing, while MDMA influences emotional
processing and empathy-related brain regions [7,32,34]. In terms of therapeutic potential, psilocybin has shown promise in treating
depression and anxiety in cancer patients. LSD and MDMA have also demonstrated therapeutic effects for various mood disorders [35].
However, more research is needed to fully understand the therapeutic mechanisms and compare the efficacy of different psychedelics.

In the present study, it was shown that both LSD and placebo increase the activity of different areas of the brain, and help to relieve
pain by enhancing the analgesic effects of endogenous pathways The difference in the effect of LSD and placebo on both the activity
and connectivity of different brain regions shows that LSD is more effective in improving behaviors and cognitive responses to stimuli
by better controlling pain-related emotions. Moreover, LSD compared to placebo, can improve the performance of healthy subjects.

5. Conclusion
In some recent studies, fMRI technique has been used to evaluate the effects of LSD on regional brain activity in healthy subjects. In
this research, ALFF, ICA, DCM and functional connectivity analysis were used to assess the effects of LSD on healthy subjects to provide

a powerful tool for future clinical applications by identifying neural connectivity patterns in the activated pain network of cerebral
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Fig. 10. Anatomical presentation of functional connectivity within the pain network in the placebo session (a) Three-dimensional presentation of
functional connectivity in three anatomical views, (b) Two-dimensional presentation of functional connectivity in three anatomical views and (c)
Presentation of ROI-to-ROI functional connectivity patterns within the pain network.
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Fig. 11. Anatomical presentation of functional connectivity within the pain network in the LSD session (a) Three-dimensional presentation of
functional connectivity in three anatomical views, (b) Two-dimensional presentation of functional connectivity in three anatomical views and (c)
Presentation of ROI-to-ROI functional connectivity patterns within the pain network.

cortex. Some suggestions with a more precise approach for investigation the effects of LSD are as follows: (i) due to the large volume of
computations on the fMRI dataset, increasing the number of computational nodes can lead to more accurate functional connectivity
patterns in experimental sessions (ii) Fuzzy techniques play a significant role in reducing noise and artifacts in fMRI data, leading to
more reliable and interpretable results in neuroimaging research Incorporating fuzzy techniques into fMRI analysis promises to
preserve the quality of fMRI images by effectively reducing noise and artifacts while maintaining the integrity of anatomical details
and functional information [36,37]. (iii) previous measurements were often made of brain areas related to pain sensation and pro-
cessing. Getting fMRI information from other regions provides a more complete understanding of how pain is processed in the brain
(iv) prolonged bed rest during fMRI scanning may make patients uncomfortable and increase clinical pain intensity and patient’s
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Table 5
Functional connectivity values for placebo and LSD sessions.
Session Functional connectivity T (9) p-uncorrected p.FDR
Placebo PO1-FP1 8.68 0.0000 0.0001
PO1-FPr 7.33 0.0000 0.0002
PO1-IC1 3.91 0.0035 0.0095
Thalamus 1-PO r -3.83 0.0040 0.0323
LSD PO1-FPr 8.50 0.0000 0.0001
PO1-FP1 7.49 0.0000 0.0002
lPlacebo
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b
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Fig. 12. The bar graphs show the effective connectivity strength of the placebo and LSD sessions compared to each other: *: indicates the sig-
nificance of the mean comparison test.

Table 6

Statistical comparison of effective connectivity strength between placebo and LSD sessions.
Brain Connection Statistics df Sig.(2-tailed)
1AIC- 1AIC 2.748 19 0.011*
1AIC -dIPFC 2.740 19 0.037*
SII-dIPFC 2.745 19 0.014*

* Significant at p < 0.05.

reactions. As in this study, according to the radiologist, the scan time was reduced. Also, if methods can be provided to reduce noise
during imaging, the accuracy of the study can be increased. In this regard, the present study offers better approaches for physicians and
policymakers to use fMRI techniques in psychological trials to reduce costs, increase effectiveness, and improve the
neurobiological-behavioral aspects on the personal level.

By providing the opportunity to identify brain markers predictive of response to LSD, especially in addicted individuals along with
clinical trials and identifying individual differences in brain function, unnecessary exposure of addicted persons to ineffective ther-
apies, as well as the duration and severity of pain are dramatically decreased.
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