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ABSTRACT
This study integrated neuroimaging and neurochemistry data to explore brain mechanisms in chronic insomnia disorder (CID) 
and the neuromodulatory effects of acupuncture. We analyzed a cross-sectional arterial spin labeling (ASL) dataset (N = 197) 
of CID patients and healthy controls to identify cerebral blood flow (CBF) changes. Additionally, a longitudinal ASL dataset 
(N = 44) examined CBF changes in CID patients after a 4-week acupuncture treatment or on a waitlist. We then assessed the 
impact of 19 neurotransmitter receptors/transporters on these CBF alterations. In cross-sectional comparisons, CID patients ex-
hibited increased CBF in cortical areas and decreased CBF in subcortical regions, correlating with insomnia severity. In longitu-
dinal comparisons, acupuncture treatment enhanced subcortical CBF and alleviated insomnia symptoms, changes not observed 
in the waitlist group. The left putamen was identified as an overlapping subcortical region involved in both CID-related changes 
and post-treatment alterations. Moreover, the CBF patterns induced by acupuncture negatively correlated with the abnormal 
patterns in CID patients, and both were significantly associated with GABAa and dopamine-D1 receptor densities. The observed 
decrease in CBF in the left putamen could potentially serve as a neural biomarker for CID, while acupuncture may alleviate in-
somnia symptoms by increasing CBF in this region, potentially through the modulation of GABAa and D1 receptor expressions.

1   |   Introduction

Chronic insomnia disorder (CID) is the second-most common 
psychiatric condition and is linked to multi-scale brain changes 

(Yu, Hu, et  al.  2024; Zhang and Wing  2006). Neuroimaging 
studies have uncovered macroscopic functional changes in var-
ious brain regions in individuals with CID (van Someren 2021). 
Simultaneously, at the microscopic level, substantial alterations 
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within the neurotransmitter system (Lancel et  al.  2021; Yu, 
Peng, et al. 2024) are evident in those suffering from insomnia. 
Consequently, the therapeutic approach for CID should not only 
consider these macroscopic brain changes but also delve into 
the underlying microscopic neurochemical mechanisms driving 
these alterations.

Acupuncture, as a multifaceted therapeutic approach, exerts its 
efficacy in treating CID through various levels and factors, in-
cluding modulating brain function as well as neurotransmitter 
expression. For instance, acupuncture can modulate functional 
connectivity (FC) between the locus coeruleus and supramar-
ginal gyrus to improve insomnia symptoms (Chen et al. 2023). 
Simultaneously, acupuncture can modulate the activity of the 
neurotransmitter receptor to treat insomnia (Xi et  al.  2023). 
However, to date, few studies have simultaneously integrated 
neuroimaging and neurotransmitter expression to fully under-
stand CID's pathogenesis and the mechanisms behind acupunc-
ture's benefits.

Whole-brain neuroimaging techniques, especially blood oxygen 
level dependent (BOLD) functional magnetic resonance imaging 
(fMRI), have significantly advanced our understanding of CID 
(Shen et al. 2024; Yu et al. 2023). Additionally, arterial spin label-
ing (ASL), a specialized fMRI technique renowned for its abil-
ity to quantify regional cerebral blood flow (CBF). The greater 
sensitivity of ASL to low-frequency signals compared to BOLD 
fMRI (Watts et al. 2013) makes it an invaluable tool to explore 
the underlying macroscopic brain mechanisms of insomnia. 
However, there have been few studies (Huang et al. 2022; Luo, 
Li, et al. 2023; Park et al. 2019; Xu et al. 2023; Zhou et al. 2019) to 
date that combine ASL with CBF analysis to investigate both the 
individual differences of CID and the effectiveness of acupunc-
ture as a treatment.

While neuroimaging techniques like ASL have been valuable 
in understanding the neurovascular coupling of CID, they fall 
short in identifying the underlying neurochemical substrates. 
To bridge this gap, the integration of positron emission tomog-
raphy (PET) with fMRI offers a more comprehensive view. PET, 
using selective radiotracers, can probe the neurochemical sig-
natures involved in the functional networks observed through 
fMRI (Sander et  al.  2020). For instance, a recent study (Kim 
et al. 2023) using simultaneous PET-fMRI was able to correlate 
amyloid β burden in the brain with altered functional connec-
tivity in the salience network, providing molecular insights into 
sleep-related aberrant macro-scope connectivity networks.

However, the use of hybrid PET/fMRI is limited by its high 
costs, hardware demands, and invasiveness. Additionally, PET 
scans are typically selective for one neurotransmitter at a time 
and are restricted by radiation exposure and tracer availability. 
To circumvent these limitations, researchers have turned to 
constructing a comprehensive atlas of neurotransmitter recep-
tor densities across the brain (Hansen et al. 2022). This approach 
assumes that the magnitude of neurotransmitter-related activ-
ity correlates linearly with receptor distribution and availability 
across brain regions (Sander et al. 2020), providing a more flex-
ible and less invasive method to map macroscopic brain alter-
ations onto the distributions of target receptors. This innovative 
strategy has been effectively employed in various neuroimaging 

studies (Hansen et  al.  2022; Luo, Dong, et  al.  2023; Luppi 
et al. 2023; Vamvakas et al. 2022) to enhance our understanding 
of macroscopic functional alterations at the molecular level.

In this current work, our approach involves analyzing a cross-
sectional neuroimaging dataset (N = 197) encompassing both 
CID patients and healthy controls (HCs) to identify specific CBF 
changes in CID. Additionally, a multi-linear regression model 
(LRM) was utilized to interpret CID-related CBF changes from 
normalized cortical distribution maps of 19 neurotransmitter re-
ceptors/transporters (Hansen et al. 2022) in the Neuromaps da-
tabase (Markello et al. 2022). Simultaneously, ASL data from a 
randomized neuroimaging dataset (N = 44) examining patients 
undergoing 4-week acupuncture therapy for CID was utilized 
to explore the corresponding mechanisms underlying the ef-
fectiveness of acupuncture (Figure 1). This study represents an 
attempt to integrate neuroimaging and neurochemistry data to 
explore the brain mechanisms associated with CID and the neu-
romodulatory effects of acupuncture. We hypothesized that: (1) 
CID patients would exhibit abnormal CBF patterns in both cor-
tical and subcortical regions compared to HCs; (2) acupuncture 
treatment could reverse these abnormal CBF patterns and alle-
viate insomnia symptoms; and (3) the abnormal CBF patterns 
in CID patients and the CBF changes induced by acupuncture 
would significantly correlate with specific neurotransmitter 
expressions.

2   |   Methods

2.1   |   Dataset 1: Cross-Sectional Study of CID 
Patients and Matched HCs

In this dataset, our objective was to identify CID-related CBF 
changes compared to HCs and to interpret these alterations from 
a neurochemical perspective.

2.1.1   |   Participant Recruitment and Assessment

A total of 108 patients diagnosed with CID were enrolled in 
the outpatient clinics of the Affiliated Hospital of Chengdu 
University of Traditional Chinese Medicine (CDUTCM) 
and Chengdu Second People's Hospital from 2017 to 2022. 
Additionally, 96 HCs were recruited through social media ad-
vertisements from surrounding communities. The inclusion 
and exclusion criteria, aligned with our previous research 
(Shen et al. 2024; Yu et al. 2023), are detailed in the Supporting 
Information. We collected the PSQI and Insomnia Severity 
Index (ISI) questionnaires from each participant and the Self-
Rating Depression Scale (SDS) and Self-Rating Anxiety Scale 
(SAS) from patients with CID. Ethical approval for this study 
was granted by the Ethics Committee of the Affiliated Hospital 
of CDUTCM, and each participant provided written informed 
consent before participating in the study.

2.1.2   |   MRI Acquisition

In our study, the MRI scans for all participants were performed 
in the afternoon, on average about 7 h after waking up in the 
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FIGURE 1    |    Study overview. (A) Design and protocol. Our approach involves analyzing a cross-sectional neuroimaging dataset and a randomized 
neuroimaging dataset to explore the correlation between ASL-derived CBF changes and neurotransmitter receptor profiles for CID. (B) CBF analysis 
profiles. ASL scans from two different datasets were processed to calculate CBF and mapped into 119 regions for each participant. Then, through 
both between-group and within-group comparisons across different datasets, regional CBF differences were explored. (C) Neurotransmitter recep-
tors/transporters profiles. Positron emission tomography studies with radioligands for 15 receptors and 4 transporters were normalized and mapped, 
resulting in a map of 119 regions with 19 neurotransmitters. (D) A multi-linear regression model. A multi-linear regression model was used to identi-
fy neuroimaging-neurochemistry associations in different datasets. The relative contribution of each receptor/transporter was also calculated within 
each model. Intercept and error terms are not displayed. Abbreviations: ASL, arterial spin-labeled; CBF, cerebral blood flow; CID, chronic insomnia 
disorder; HCs, healthy controls; PET, positron emission tomography.
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morning (Yang et  al.  2023). MRI scans were conducted on a 
3.0-Tesla MR system (Discovery MR750w, General Electric, 
Milwaukee, WI, USA) equipped with a 32-channel head coil. 
To mitigate scanner noise, earplugs were used, and to min-
imize head motion, tight yet comfortable foam padding was 
employed. High-resolution 3D T1-weighted (T1w) structural 
images were acquired with the following parameters: repe-
tition time (TR) = 7.06 ms; echo time (TE) = 3.04 ms; inver-
sion time (TI) = 450 ms; flip angle (FA) = 12°; field of view 
(FOV) = 256 mm × 256 mm; matrix size = 256 × 256; slice thick-
ness = 1 mm, no gap; 192 sagittal slices. Resting-state per-
fusion imaging was performed using a pseudo-continuous 
ASL sequence with a 3D fast spin-echo acquisition and back-
ground suppression (TR = 4860 ms, TE = 10.86 ms; voxel res-
olution = 3.75 × 3.75 × 4 mm; post-label delay = 2025 ms; label 
duration = 1450 ms; spiral in readout of eight arms with 512 sam-
ple points; FA = 111°; FOV = 240 mm × 240 mm; reconstruction 
matrix = 128 × 128; slice thickness = 4 mm, no gap; number of 
excitations = 3). A total of 36 pairs of label and control volumes 
were acquired.

2.2   |   Dataset 2: Longitudinal Study of CID Patients 
Undergoing Acupuncture Therapy or Waitlist 
Control

This dataset aimed to validate whether the regional CBF 
changes and specific neurotransmitter expression patterns re-
lated to CID, identified in Dataset 1, could be modifiable by acu-
puncture therapy. The acupuncture protocol received ethical 
approval from the Ethics Committee of the Affiliated Hospital 
of CDUTCM (2021KL-125) and was registered with the Chinese 
Clinical Trial Registry (ChiCTR2200058878). Participants in the 
cross-sectional (Dataset 1) and longitudinal (Dataset 2) cohorts 
were recruited independently, with no individuals included in 
both datasets.

2.2.1   |   Sample Size Calculation

The effect size is based on post-treatment PSQI scores and their 
standard deviations on a prior study (Fu et al. 2017). It reported 
post-treatment PSQI scores of 8.62 ± 2.93 for the acupuncture 
group and 14.76 ± 3.35 for the control group. The required sam-

ple size is calculated using the formula: N =

[

(z�+Z�)�

�−Δ

]2

. Where 
Zα = 1.96 (α = 0.05), Zβ = 1.28 (power = 90%), � is the pooled 
standard deviation, � = 6.14 the intergroup PSQI difference, 
and Δ = 3.8 is the clinically meaningful difference (Cheuk 
et  al.  2012). The calculation yields 19 participants per group. 
Accounting for a 20% dropout rate, 24 participants are required 
per group. With a 1:1 allocation ratio, a total of 48 participants 
is needed.

2.2.2   |   Participant Recruitment and Assessment

Adhering to the inclusion and exclusion criteria from Dataset 1, 
this longitudinal study enrolled 48 eligible patients diagnosed 
with CID. Participants were randomly assigned in a 1:1 ratio to 
either the acupuncture treatment group or the waitlist control 

group using a computer-generated randomization sequence. 
Throughout the study, outcome assessors, data collectors, and 
statisticians remained blinded to the group assignments. Both 
groups were assessed using the PSQI, ISI, SAS, and SDS scores 
at baseline and at the 4-week visit.

2.2.3   |   Acupuncture Intervention

Acupuncture treatments were administered by two licensed 
acupuncturists with more than 3 years of experience. The 
acupuncture group received 20 sessions over 4 weeks (five 
sessions weekly), each lasting 30 min. We used a combination 
of acupuncture points commonly employed in the treatment 
of insomnia, including Baihui (GV20), Sishencong, Anmian, 
Shenmen (HT7), Neiguan (PC6), and Sanyinjiao (SP6), as de-
picted in Figure 2. These points were selected based on tradi-
tional clinical theory, practices, and existing evidence, which 
suggest that their combined action has a synergistic effect in 
improving insomnia symptoms. Specifically, Baihui (GV20) 
is known for its ability to calm the mind and harmonize Qi, 
enhancing cerebral circulation and promoting relaxation (Li, 
Xu, et  al.  2023). Sishencong is used to calm the spirit and 
improve cognitive function, helping to promote restful sleep 
(Gao et  al.  2013). Anmian is a well-established point for in-
somnia, known for its sedative effects and ability to regulate 
the autonomic nervous system, thus reducing stress and anx-
iety (Huo et  al.  2013). Shenmen (HT7) calms the heart and 
mind, reducing anxiety and promoting deeper sleep (Song 
et  al.  2022). Neiguan (PC6) is often selected for its calming 
effects on the mind and its ability to regulate the autonomic 
nervous system, especially in cases where insomnia is linked 

FIGURE 2    |    Location of acupoints for acupuncture treatment: GV20, 
Sishencong, Anmian, HT7, PC6, and SP6. Acupoints where stimulation 
was provided via needles were marked as red points.
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to anxiety (Gao et  al.  2013). Finally, Sanyinjiao (SP6) regu-
lates internal organs, harmonizes the blood, and promotes 
relaxation, which is particularly beneficial in cases of insom-
nia associated with hormonal imbalances (Xu et  al.  2022). 
Treatments involved the use of disposable stainless-steel nee-
dles (0.30 × 25 mm/0.30 × 40 mm), with stimulation achieved 
through lifting, thrusting, twirling, and rotating the needle to 
elicit the “Deqi” sensation—characterized by feelings of pain, 
heaviness, numbness, swelling, or radiation indicating effec-
tive treatment. Patients in the waitlist group did not receive 
acupuncture but were informed that they would be provided 
with 20 sessions of acupuncture treatment without charge 
after the completion of the full observational period.

2.2.4   |   MRI Acquisition

The time, location, and parameters for MRI acquisition in the 
acupuncture therapy dataset were consistent with those utilized 
in Dataset 1.

2.3   |   MRI Data Preprocessing

For both Datasets 1 and 2, the preprocessing of ASL and T1w 
data and the calculation of regional CBF values were con-
ducted using identical methodologies. Initially, DICOM data 
were converted into the brain imaging data structure (BIDS) 
format using the ExploreASL toolbox (Mutsaerts et al. 2020), 
version v1.10.0. The ASL MRI images formatted in BIDS 
were then preprocessed with ASLPrep 0.6.0 (Adebimpe 
et al. 2022). For anatomical data preprocessing, each subject's 
T1w image underwent intensity non-uniformity correction, 
skull-stripping, brain tissue segmentation, and spatial nor-
malization. ASL data preprocessing involved generating a 
smoothed reference volume from M0 images, which was later 
used for CBF calculation. Co-registration between ASL and 
T1w images was performed using FSL's flirt (Jenkinson and 
Smith 2001), with a boundary-based registration cost function 
(Greve and Fischl 2009). CBF was quantified using a standard 
model (Alsop et  al.  2015; Detre et  al.  1992), extracting par-
cellated CBF estimates for 100 cortical regions as defined in 
the Schaefer atlas (Schaefer et al. 2018) and 19 subcortical re-
gions, including the bilateral cerebellum, thalamus, caudate, 
putamen, pallidum, hippocampus, amygdala, accumbens, di-
encephalon ventral, and brain stem as delineated in the HCP 
subcortical atlas (Glasser et  al.  2013). As part of quality as-
surance (Adebimpe et al. 2022) in both Datasets 1 and 2, we 
excluded participants whose mean frame-wise displacement 
exceeded 1 mm or whose CBF gray matter and white matter 
ratio was below 1.

2.4   |   Acquire Neurotransmitter Distribution

To investigate the impact of neurotransmitter distributions on 
CBF changes in both datasets, we utilized the Neuromaps data-
base (Markello et al. 2022) to acquire mean cortical distribution 
maps for 19 specific neurotransmitter receptors/transporters 
(Hansen et  al.  2022). These include receptor/transporter for 
dopamine (D1, D2, DAT), serotonin (5-HT1a, 5-HT1b, 5-HT2a, 

5-HT4, 5-HT6, 5-HTT), acetylcholine (α4β2, M1, VAChT), 
GABA, glutamate (NMDA, mGluR5), norepinephrine (NET), 
histamine (H3), cannabinoids (CB1), and opioids (MOR), which 
were parcellated into the Schaefer 100 atlas (Schaefer et al. 2018) 
and the HCP subcortical atlas (Glasser et al. 2013).

2.5   |   Statistical Analysis

Statistical analyses were performed using R 4.1.0. For demo-
graphic and clinical data, between-group differences in age and 
clinical scores were assessed using two-sample t-tests, Welch's 
two-sample t-test, or Mann–Whitney U tests, based on the nor-
mality of the data and the homogeneity of variances. Gender dif-
ferences were evaluated using the chi-squared test or Fisher's 
exact test, depending on the expected frequencies in the contin-
gency table. Within-group differences were tested with paired 
t-tests for normally distributed data and paired Wilcoxon tests 
for non-normally distributed data. For correlation analyses, 
Pearson correlation or Spearman rank correlation was used 
based on data normality. Effect sizes (Cohen's d) were calcu-
lated for all group comparisons to evaluate the magnitude of 
CBF alterations.

In Dataset 1, to assess between-group differences in CBF, we 
used LRMs, adjusting for age, sex, and education as covariates. 
To account for multiple comparisons across 119 regions, we ap-
plied a false discovery rate (FDR) correction with a significance 
threshold of pFDR < 0.025 (two-tailed). Within the CID group, 
correlation analysis explored associations between regional CBF 
values that survived the LRM and various clinical scales, using 
a significance threshold of pFDR < 0.05. Additionally, the rela-
tionship between mean regional CBF in HCs and case–control 
CBF differences (t-values) was also evaluated using correlation 
analysis with spin tests (see Section 2.6, Null Models for details).

In Dataset 2, within-group effects were evaluated by com-
paring CBF values at baseline and after 4 weeks using paired 
t-tests or paired Wilcoxon tests, depending on the data distri-
bution. In the acupuncture group, correlation analysis was 
performed to investigate the relationship between changes 
in regional CBF (calculated as the difference between post-
treatment and baseline values) and variations in clinical scores 
(∆PSQI, ∆ISI, ∆SAS, ∆SDS). Additionally, spatial correlations 
between (1) acupuncture- and waitlist-induced CBF changes, 
(2) acupuncture-induced changes and CID-related alterations, 
and (3) waitlist-induced changes and CID-related alterations 
were assessed using correlation analysis with spin tests (see 
Section 2.6, Null Models for details).

To assess the impact of 19 neurotransmitter distributions on 
CBF differences between CID patients and HCs, and on the 
treatment-induced CBF alterations, we applied a multi-LRM. 
The robustness and significance of this model were vali-
dated against a spatial permutation-preserving null model. 
Furthermore, we conducted a dominance analysis (Azen and 
Budescu 2003; Yu, Peng, et al. 2024) to determine the relative 
contribution of each receptor/transporter to the model's total fit 
(adjusted R2). This involved fitting the regression model to all 
possible combinations of input variables (2ⁿ − 1 submodels for 
n variables). Total dominance is the average relative increase in 
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R2 when adding a variable across all submodels. The sum of all 
variables' dominance equals the model's total adjusted R2, par-
titioning the effect size across predictors. Dominance was nor-
malized by the model's total fit for comparability.

2.6   |   Null Models

We used spatial autocorrelation-preserving permutation tests 
(Markello and Misic  2021; Váša et  al.  2018), also known as 
“spin” tests, to assess the statistical significance of associations 
across brain regions. The threshold for significance in these spa-
tial permutation tests was set at pspin < 0.05. Further details can 
be found in the Supporting Information.

3   |   Results

3.1   |   Cerebral Blood Flow Changes in CID Patients 
Are Aligned With Brain Neurochemical Systems

3.1.1   |   Participant Characteristics in Dataset 1

After image quality control, 3 CID patients and 4 HCs were ex-
cluded, resulting in a final analysis of 105 CID patients and 92 
HCs in Dataset 1. The demographic and clinical characteristics 
of the participants are summarized in Table 1. No significant 
group differences were found in age, sex, or education levels. 
These variables were regarded as covariates in the LRM to im-
prove the accuracy of the case–control comparisons.

3.1.2   |   Case–Control Differences in Regional 
CBF Values

Regional CBF residuals behaved as an approximately normal 
distribution (Figure 3A) across cortical and subcortical areas of 
both hemispheres. Global CBF, calculated by averaging regional 
CBF across 119 areas for each participant, did not differ signifi-
cantly between CID patients and HCs (Figure S1). CBF values 
were mapped onto 119 brain areas for both groups (Figure 3B). 

Case–control differences were assessed using linear LRM, with 
a positive t-value indicating higher CBF in CID patients com-
pared to controls and a negative t-value indicating lower CBF in 
CID patients. A significant positive association was discerned 
between the mean CBF value in HCs and the magnitude of the 
regional case–control t value (Figure 3C; Pearson's r = 0.22, pspin 
< 0.014). This correlation implies that the areas with greater 
blood flow in the HCs may be more susceptible to alterations in 
CID. We identified 16 regions with statistically significant case–
control differences at the threshold of pFDR < 0.025 (Figure 3D). 
CBF increased in CID patients, mainly located in the visual 
cortex and some regions of the dorsal attention networks, and 
decreased mainly in the subcortical areas, such as the left 
putamen, bilateral pallidum, and bilateral diencephalon ventral 
(Figure 3D, Table S1).

3.1.3   |   Correlation Between Case–Control CBF Changes 
and Clinical Scales

Negative correlations were found between the CBF values of 
the left putamen, left pallidum, and bilateral diencephalon ven-
tral, and the PSQI scores, reaching a significant level at pFDR 
< 0.05 (Figure 3E, Figure S2). No significant correlations were 
identified between the CBF values of regions where CBF was 
significantly increased or decreased and the other scales.

3.1.4   |   Neurotransmitter Receptor/Transporter Profiles 
Are Associated With CBF Changes in CID Patients

Using a multi-LRM, we assessed the impact of neurotransmit-
ter receptor/transporter densities on CID-related CBF alter-
ations (Figure  4A). Compared to a spin-permuted null model 
with 10,000 iterations, we observed robust correlations between 
the densities of these receptors/transports and the CBF alter-
ations observed in CID (total adjusted R2 = 0.68, pspin = 0.019, 
Figure  4B). Through dominance analysis, we identified M1, 
MOR, GABAa, VAChT, H3, 5HTT, 5HT1a, D1, and CB1 spatial 
distributions as major contributors (each dominance > 5%) to 
the CID-related CBF changes (Figure 4B).

TABLE 1    |    Demographic and clinical characteristics in CID and HCs dataset.

Demographics CID (n = 105) HCs (n = 92) Test statistic p

Gender, female (%) 67 (63.81) 63 (68.48) 0.29* 0.59

Age, years 34.44 (10.801) 36.32 (10.14) 4172.5▲ 0.10

Education, years 15.69 (2.28) 15.33 (2.10) 5403.00▲ 0.13

PSQI 13.09 (2.97) 2.88 (1.77) 9660.00▲ < 0.001

ISI 17.03 (4.55) 3.20 (3.68) 9471.5▲ < 0.001

SDS 51.66 (12.69) / / /

SAS 53.50 (12.71) / / /

CBFglobal (mL/100 g/min) 46.65 (6.39) 46.77 (5.53) 0.04∆ 0.97

Note: *Represents the chi-squared value from the chi-squared Test, ▲Represents the U-value from the Mann–Whitney U test, and ∆represents the t-value from the two-
sample t test.
Abbreviations: ISI, Insomnia Severity Index; PSQI, Pittsburgh Sleep Quality Index; SAS, Self-rating Anxiety Scale; SDS, Self-Rating Depression Scale.
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3.2   |   Acupuncture Therapy for Insomnia: Its 
Effect on CBF and Underlying Neurochemical 
Mechanisms

3.2.1   |   Participant Characteristics in Dataset 2

One patient from the acupuncture group and three from the 
waitlist group were excluded due to scheduling conflicts. No ad-
ditional patients were excluded due to image quality. The final 
sample consisted of 23 patients in the acupuncture group and 
21 in the waitlist group. The detailed demographic and clinical 
characteristics of these patients are summarized in Table 2.

3.2.2   |   Effects of Acupuncture Treatment on 
Clinical Symptoms

In the acupuncture group, the post-treatment scores for PSQI, 
ISI, and SAS were all significantly reduced (p < 0.05), while 
the SDS score did not exhibit a significant change (p > 0.05, 
Table S2). Conversely, in the waitlist group, there were no sig-
nificant changes in any of the clinical indicators before and after 
the trial. Comparatively, the reductions in PSQI, ISI, and SAS 
scores in the acupuncture group were significantly greater than 
those in the waitlist group (p < 0.05), while no significant differ-
ence was noted in SDS scores (p > 0.05, Table 2).

FIGURE 3    |    Case–control differences in regional cerebral blood flow. (A) Global distribution of regional CBF residuals, that is, the averaged CBF 
value across 119 regions for each participant, after regressing age, sex, and education for patients with CID (red) and HCs (blue). (B) Mean regional 
CBF pattern of control subjects and patients with CID. The frontal, temporal, and occipital lobes exhibited high CBF values, whereas the parietal lobe 
and subcortical areas showed low CBF values. (C) Scatter plot of mean control regional CBF (x axis) versus case–control t value (y axis). Control CBF 
(from B) is positively correlated with case–control CBF differences (from D; Pearson's r = 0.22, pspin < 0.014). (D) Case–control comparison (t-map) of 
regional CBF. In the bottom row, 16 regions in cortical and subcortical areas were presented for a threshold of p < 0.025, FDR corrected. (E) The radar 
map shows a negative correlation between the CBF values of the left putamen (r = −0.36, pFDR = 0.002), the left pallidum (r = −0.27, pFDR = 0.007), 
the left diencephalon ventral (r = −0.26, pFDR = 0.009), the right diencephalon ventral (r = −0.28, pFDR = 0.005), and the PSQI scores. Abbreviations: 
CBF, cerebral blood flow; CID, chronic insomnia disorder; DEV, diencephalon ventral; FDR, false discovery rate; HCs, healthy controls; L, left; Pal, 
pallidum; Put, putamen; R, right.
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3.2.3   |   Changes in Regional Cerebral Blood Flow From 
Baseline to 4-Week Post-Treatment

CBF values were averaged and mapped into 119 areas for both 
the acupuncture group and the waitlist group at baseline and at 
4-week after randomization (Figure 5A, Figure 5B). After 4 weeks 

of treatment, the acupuncture group exhibited increases in re-
gional CBF in the left putamen, bilateral cerebellums, and brain 
stem (p < 0.05, Figure 5C, Table S3). In contrast, the waitlist group 
showed decreases in regional CBF within the control network, 
salience network, and default mode network after 4 weeks' wait 
(p < 0.05, Figure 5D, Table S4). However, none of these changes 

FIGURE 4    |    Neurotransmitter distribution association with CBF changes. (A) Neurotransmitter systems are mapped with positron emission to-
mography with radioligands for 15 receptors and 4 transporters, resulting in a map of 100 cortical regions with 19 neurotransmitters. Data for this 
plot can be found in supplementary Dataset 1. (B) We fit a multi-linear regression model that predicts CID-related CBF differences from 19 receptors/
transporters distributions. Receptor distributions closely correspond to CID-related CBF changes (total adjusted R2 = 0.68, pspin = 0.019). Through 
dominance analysis, the percent dominance of each input variable is defined as the variable's dominance normalized by the total adjusted R2 of the 
model. We identified M1, MOR, GABAa, VAChT, H3, 5HTT, 5HT1a, D1, and CB1 spatial distributions as major contributors (each dominance > 5%) 
to the CID-related CBF changes. Abbreviations: CBF, cerebral blood flow; CID, chronic insomnia disorder.
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in either group survived FDR correction for multiple compari-
sons (n = 119 comparisons). Additionally, spatial patterns of CBF 
changes induced by acupuncture did not significantly correlate 
with those in the waitlist group (Pearson's r = −0.06, pspin = 0.552). 
Interestingly, a negative correlation was found between 
acupuncture-induced CBF changes in Dataset 2 and CID-related 
CBF alterations in Dataset 1 (Pearson's r = −0.39, pspin = 0.034, 
Figure  6A). Pearson correlation analysis between acupuncture-
induced regional CBF changes (ΔCBF) and improvements in clin-
ical scores (ΔPSQI, ΔISI, ΔSAS, ΔSDS) revealed no statistically 
significant associations (all p > 0.05, Table S5).

3.2.4   |   Acupuncture-Induced CBF Changes Associated 
With Neurotransmitter Receptor Profiles

There were significant correlations between neurotransmitter 
receptor/transporter densities and changes in CBF induced by 
acupuncture (total adjusted R2 = 0.37, pspin = 0.011, Figure  6B). 
The spatial distributions of GABAa, α4β2, D1, 5HT4, mGluR5, 
and 5HT1b were identified as major contributors to these CBF 
changes (each dominance > 5%, Figure  6B). Notably, the left 
putamen (Figure 6C) emerged as a shared region, with reduced 
CBF in CID patients compared to HCs (Dataset 1) and signifi-
cant CBF increases following acupuncture treatment (Dataset 

2). GABAa and D1 receptors (Figure  6D) were identified as 
major contributors in both contexts, underscoring their poten-
tial roles in CID neurobiology and acupuncture modulation.

4   |   Discussion

To our knowledge, this is the first study combining ASL and neu-
rotransmitter receptor density maps to elucidate the brain's mech-
anisms underlying CID and the modulation effects of treatment. 
In the cross-sectional dataset, CID patients exhibited increased 
CBF in several cortical areas and decreased CBF in subcortical 
regions (e.g., left putamen), correlating with insomnia severity. 
And GABAa and D1 were identified as major contributors to the 
abnormal patterns in CID patients. In the longitudinal dataset, 
acupuncture enhanced subcortical CBF (e.g., left putamen) and 
alleviated insomnia symptoms, which were absent in the waitlist 
group. The CBF patterns induced by acupuncture were negatively 
correlated with the abnormal patterns in CID patients and were 
also significantly associated with GABAa and dopamine-D1 re-
ceptor expressions. These findings provide a multiscale model of 
the brain, suggesting that the left putamen may be a diagnostic 
and therapeutic neuro biomarker for CID and that acupuncture 
may modulate this region's CBF through key neurotransmitter re-
ceptor expression, thereby ameliorating insomnia symptoms. This 

TABLE 2    |    Comparison of the treatment effects between two groups in the acupuncture treatment for CID dataset.

Variable Acupuncture (n = 23) Wait (n = 21) Test statistic p

Female (%) 19 (82.61) 13 (61.90) 0.35* 0.18

Age (years) 36.83 (9.87) 33.33 (9.94) 302.50▲ 0.15

PSQI

Baseline 13.30 (2.46) 12.48 (2.64) 1.07 0.28

4-weeks 7.35 (2.53)** 11.81 (2.06) / /

Change −5.96 (3.04) −0.67 (1.91) −6.98∆ 0.00

ISI

Baseline 17.26 (3.86) 15.57 (3.40) 1.53 0.13

4-weeks 9.22 (4.36)** 15.43 (4.01) / /

Change −8.04 (5.12) −0.14 (2.73) 31.50▲ 0.00

SAS

Baseline 40.04 (7.67) 36.29 (7.71) 302.00▲ 0.16

4-weeks 34.00 (5.60)** 37.44 (10.02) / /

Change −6.04 (7.06) 1.16 (5.89) −3.65 0.00

SDS

Baseline 41.39 (6.99) 38.38 (8.15) 1.32 0.19

4-weeks 39.22 (5.95) 38.86 (8.70) / /

Change −2.17 (7.43) 0.48 (4.76) −1.42∆ 0.16

Note: *Represents the statistical value from the Fisher's exact test, and ▲ represents the U-value from the Mann–Whitney U test, and ∆ represents the t-value from 
the Welch Two Sample t-test. The remaining statistical values represent the t value from the two-sample t test. **Represents significant improvement within the 
acupuncture group after 4 weeks of treatment.
Abbreviations: ISI, Insomnia Severity Index; PSQI, Pittsburgh Sleep Quality Index; SAS, Self-rating Anxiety Scale; SDS, Self-Rating Depression Scale.
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comprehensive approach deepens our understanding of the neural 
and molecular mechanisms of CID and supports the development 
of targeted treatments.

ASL, a non-invasive perfusion MRI technique, was utilized for 
quantitative CBF measurement in this study. ASL measures ar-
terial blood delivery to brain tissues with neural function and 
metabolism (Detre et  al.  2012) and allows for rapid, quantita-
tive data collection, making it ideal for both cross-sectional and 
longitudinal studies (Watts et al. 2013). Recent studies (Huang 
et al. 2022; Luo, Li, et al. 2023; Park et al. 2019; Xu et al. 2023; 
Zhou et  al.  2019) have shown varied CBF patterns associated 
with insomnia. For instance, increased cortical CBF in the right 
hemisphere's lobes has been observed in insomnia patients (Luo, 
Li, et al. 2023). Different subtypes and symptoms of insomnia 
have been linked to specific CBF alterations, such as decreased 
subcortical CBF in insomnia comorbid with depression (Xu 
et  al.  2023) and increased CBF in the inferior occipital cortex 
in shift workers with insomnia (Park et al. 2019). In our study, 
CID patients showed increased CBF in cortical areas, notably 
within the visual and dorsal attention networks, and decreased 
CBF in subcortical regions, including the left putamen, bilateral 

pallidum, and bilateral diencephalon ventral. These previous 
studies (Huang et al. 2022; Luo, Li, et al. 2023; Park et al. 2019; 
Xu et al. 2023; Zhou et al. 2019) primarily focused on voxel-level 
analysis; our study corroborates these findings and extends the 
analysis to the regional level. Regional-level analysis enhances 
interpretability and statistical robustness by reducing the mul-
tiple comparisons burden inherent to voxel-wise approaches 
while aligning with anatomically and functionally meaningful 
brain subdivisions (Glasser et al. 2013; Schaefer et al. 2018). This 
approach has been widely adopted in neuroimaging studies to 
improve statistical power and facilitate cross-study comparisons 
(Hansen et al. 2022; Luppi et al. 2023). Additionally, we found a 
significant negative correlation between insomnia severity and 
decreased CBF in these subcortical areas, underscoring the im-
portance of reduced CBF in subcortical regions in the pathogen-
esis of insomnia. However, the exploration of treatment effects 
on CBF in insomnia remains relatively uncharted, and the neu-
robiological markers identified in CID require further validation 
in longitudinal studies.

Acupuncture has been recognized as a promising nonphar-
macological intervention for CID (Peng et  al.  2024; Wang 

FIGURE 5    |    Regional cerebral blood flow at baseline and post-administration. Regional distribution of CBF for each cortical (upper row) and sub-
cortical (lower row) region in the acupuncture group (A) and wait group (B). The upper row of each panel shows the CBF value at baseline; the lower 
row shows the CBF value at 4-week administration. The regional distribution of changes in CBF in cortical and subcortical regions after 4 weeks of 
acupuncture treatment (C) and 4 weeks of administration without treatment (D) compared to baseline. The upper row of each panel shows an un-
thresholded paired t-value; the lower row shows all significant regions at p < 0.05, uncorrected. No region survived FDR correction for the total of 119 
regions tested within each group. Abbreviations: L, left; R, right.
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et  al.  2023), offering significant benefits by minimizing the 
confounding influences of medication on brain function (Luppi 
et al. 2023). Our study highlights three key aspects of acupunc-
ture's effectiveness in treating CID. First, patients receiving 
acupuncture showed considerable symptom relief, with notable 
improvements in PSQI, ISI, and SAS scores compared to the 
waitlist group. This indicates acupuncture's effectiveness in al-
leviating insomnia and anxiety symptoms. Second, the spatial 
patterns of CBF changes induced by acupuncture did not cor-
relate significantly with those in the waitlist group, suggesting 
distinct underlying processes. The waitlist group showed a de-
crease in cortical CBF in the control network, salience network, 

and default mode network, likely reflecting the natural pro-
gression of insomnia (van Someren  2021). In contrast, acu-
puncture appeared to halt or reverse these changes. Third, we 
identified a negative correlation between acupuncture-induced 
CBF changes and case–control-related alterations. Regions 
showing elevated or reduced CBF in CID patients experienced 
a decrease or increase in CBF following 4-week acupuncture 
treatment, respectively. This negative correlation pattern sug-
gests that acupuncture effectively reverses the abnormal CBF 
patterns characteristic of CID, aligning brain function more 
closely with that of healthy individuals. Despite these findings 
indicating the potential of modulating CBF in acupuncture's 

FIGURE 6    |    (A) Scatter plot of the paired t value (x axis) in the acupuncture group versus the case–control t value in the CID and HCs dataset 
(y axis). Acupuncture-induced CBF changes (paired t value) are negatively correlated with CID-related CBF differences (case–control t) (Pearson's 
r = −0.39, pspin < 0.034). This negative correlation indicates that an increase in cerebral blood flow induced by acupuncture (reflected by higher 
paired t-values) is associated with a reduction in the difference in cerebral blood flow between patients with CID and HCs (indicated by lower 
case–control t-values). (B) We fit a multi-linear regression model that predicts acupuncture-induced CBF changes from 19 receptors/transporters 
distributions. Receptor distributions significantly correspond to acupuncture-induced CBF changes (total adjusted R2 = 0.37, pspin = 0.011). Through 
dominance analysis, the percent dominance of each input variable is defined as the variable's dominance normalized by the total adjusted R2 of 
the model. We identified GABAa, α4β2, D1, 5HT4, mGluR5, and 5HT1b spatial distributions as major contributors (each dominance > 5%) to the 
acupuncture-induced CBF changes. (C) A Venn diagram shows overlapping and distinct areas between baseline CID-related changes versus HCs 
and post-acupuncture alterations. Notably, CID patients had reduced left putamen CBF compared to HCs, which significantly increased after acu-
puncture treatment. (D) A Venn diagram illustrates neurotransmitter receptors/transporters with over 5% dominance in both CID-related and post-
acupuncture CBF changes. Notably, D1 and GABAa receptors correlate with CBF alterations in both contexts. Abbreviations: CBF, cerebral blood 
flow; CID, chronic insomnia disorder. HCs, healthy controls; L Put, left putamen.
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effectiveness in treating CID, the specific key brain regions in-
volved remain unidentified.

A highlight of this study is the identification of the left 
putamen as a shared region that is involved in both CID-
related changes and post-acupuncture treatment alterations. 
Specifically, CID patients had reduced left putamen CBF 
compared to HCs, which significantly increased after acu-
puncture treatment (Figure  6C). The putamen, traditionally 
associated with motor and cognitive functions (Anderson 
et  al.  2019), is now increasingly acknowledged for its role in 
insomnia. Genome-wide association studies have revealed a 
significant correlation between the putamen's medium spiny 
neurons and insomnia (Ketchesin et al. 2023). Structural MRI 
study (Falgàs et al. 2021) has shown a correlation between in-
creased putamen volume and insomnia severity, while PET 
study (Stokholm et al. 2017) indicates that neurochemical and 
neuroinflammatory changes within the putamen are associ-
ated with sleep disorders. Additionally, previous studies sug-
gest that acupuncture effectively modulates the function of the 
putamen. For instance, a PET study (Schlünzen et al. 2007) has 
shown changes in the putamen's CBF during acupuncture in 
healthy individuals, while an fMRI study (Hui et al. 2000) has 
demonstrated that acupuncture modulates putamen activity to 
exert its complex multisystem effects. These findings suggest 
that the putamen is a key region in the insomnia mechanism, 
and acupuncture may modulate its function to alleviate insom-
nia symptoms. It should be noted that we also observed sig-
nificant CBF changes in regions like the pallidum (Luo, Ge, 
et al. 2023) and brain stem (Mu and Huang 2019), both crucial 
for sleep regulation, in separate cross-sectional and longitudi-
nal comparisons. However, our primary focus centered on the 
left putamen, which not only exhibited significant CBF changes 
in CID compared to HCs but also showed responsiveness to 
acupuncture interventions. Despite these findings indicating 
the potential of targeting specific brain regions for effective 
treatment, the underlying neurochemical mechanisms driving 
these CBF changes remain unclear.

Another highlight of this study is the significant correlation be-
tween CBF changes observed in CID patients and the densities 
of various neurotransmitter receptors/transporters. Notably, 
GABAa (Steiger  2007) and D1 (McCullough et  al.  2021) were 
identified as major contributors to these CBF changes in our 
study, consistently validated through both cross-sectional and 
longitudinal comparisons (Figure  6D). Pharmacological treat-
ments for CID often target the dopaminergic and GABAergic 
systems (López-Muciño et al. 2022; Oishi et al. 2023). GABAa 
and D1 receptors, crucial for nervous system development 
(Vosberg et al. 2020; Wang and Kriegstein 2009), play key roles 
in regulating CBF by influencing neuronal activity (Tekin and 
Cummings 2002). D1 receptors modulate CBF through effects 
on neuronal excitability and synaptic activity, often enhancing 
perfusion in areas linked to reward and motivation (Li, Nakano, 
et  al.  2023). Conversely, GABAa receptors, being inhibitory, 
tend to reduce neuronal firing and synaptic activity, thus poten-
tially decreasing CBF (Laufs et al. 2011). This calming effect of 
GABAergic activity can reduce overall brain metabolism and 
CBF. The interplay of these excitatory and inhibitory systems 
is vital for maintaining cerebral blood flow dynamics (Katz 
et  al.  2023; Yu, Hu, et  al.  2024), essential for brain function 

and effective insomnia treatment. Previous studies suggest that 
acupuncture may ameliorate sleep disturbances by modulating 
neurotransmitters. For instance, acupuncture has been shown 
to increase GABA levels (Zhang et al. 2023) and decrease D1 re-
ceptor activity (Xi et al. 2023) to improve sleep quality. Although 
other neurotransmitter receptors/transporters, such as 5-HT1a 
(Singh et  al.  2023), CB1 (Silvani et  al.  2014), and M1 (Nissen 
et al. 2006), are implicated in sleep regulation, their contribution 
to CID-related CBF changes and their modulation by acupunc-
ture have not been as extensively validated. These receptors may 
individually influence CID-related CBF alterations but appear 
less involved in modulating responses to acupuncture treat-
ment. Further experiments are warranted to clarify the specific 
roles of these neurotransmitters in the context of CID and the 
action of acupuncture.

Some limitations existed in our study. First, the modest sam-
ple size in the acupuncture treatment for the CID dataset may 
have limited the ability to detect subtle effects in multiple com-
parisons. Future research should aim for a larger sample size, 
enhancing the robustness of findings related to CBF changes 
in CID patients. Second, the independence assumption in our 
multiple LRM and two-brain map correlation analysis was 
challenged by spatial autocorrelation. We addressed this using 
null models (Markello et  al.  2021; Váša et  al.  2018) that pre-
serve spatial autocorrelation to correct the significant p-values. 
Third, participants did not undergo brain vascular exams (such 
as Magnetic Resonance Angiography), and we acknowledge 
that vascular abnormalities could potentially influence cerebral 
blood flow measurements. To address this concern, we carefully 
screened participants for any known cardiovascular or cerebro-
vascular conditions during the recruitment process. Finally, 
while we identified correlations between neurotransmitter re-
ceptors/transporters and CBF changes in CID, the causal rela-
tionships remain to be definitively established. Future research 
using PET/fMRI could provide a more in-depth examination of 
the dopaminergic and GABAergic systems, thereby validating 
and expanding our preliminary findings.

In summary, our study delineates the neural and molecular 
basis of the onset and therapeutic regulatory role of CID. We 
identified significant CBF changes in the left putamen and other 
regions, correlating with insomnia severity and acupuncture 
responsiveness. Neurotransmitter receptors, especially GABAa 
and D1, were key contributors to these brain changes, highlight-
ing their roles in CID pathophysiology and modulation effects 
in acupuncture. While promising, further research with larger 
samples and advanced imaging techniques is needed to establish 
causality and validate these findings. This work underscores the 
importance of integrating macroscopic neuroimaging with mi-
croscopic neurochemical expression in understanding CID and 
developing targeted therapies.
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