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Abstract
Inconsistent results for comparison between insomnia disorder (ID) patients and healthy controls (HC) were obtained from previous
neuroimaging studies. An activation likelihood estimation (ALE) meta-analysis was made for multimodal neuroimaging in ID. ALE
analysis indicated that ID patients showed significant gray matter reductions in the right middle frontal gyrus (MFG), compared to HC.
Regarding positron emission tomography studies, ALE analysis showed reduced relative cerebral glucose metabolism in the right
amygdala, the right anterior cingulate cortex (ACC), and the right posterior cingulate gyrus (PCG) in ID patients, compared to HC.
Regarding diffusion tensor imaging studies, the present study indicated that ID patients showed reduced fractional anisotropy values
in the left putamen and the right caudate body, compared to HC. Additionally, ID patients showed reduced amplitude of low
frequency fluctuations (ALFF) in the left fusiform gyrus (FG), the left middle temporal gyrus (MTG), the right MTG, the right anterior lobe
(AL), and the left PCG, compared to HC. ID patients showed increased ALFF in the left MFG, compared to HC. ID patients showed
reduced regional homogeneity (ReHo) in the left parahippocampal gyrus, the left sublobar, the left cuneus, the left precentral gyrus
(PCG), the right AL, the right ACC, and the right PCG, compared to HC. ID patients showed increased ReHo in the left FG, the left
precuneus, and the right cingulate gyrus, compared to HC. Moreover, the ALE analysis showed hypoactivation relative to HC in the
left superior temporal gyrus (STG), the left MTG, the right inferior frontal gyrus, the right cuneus, and the right STG in ID patients. Via
this ALE meta-analysis, we obtained these key regions suffering from deficits in ID.

Abbreviations: ACC = anterior cingulate cortex, AL = anterior lobe, ALE = activation likelihood estimation, ALFF = amplitude of
low frequency fluctuations, AMYG = amygdala, CG = cingulate gyrus, DTI = diffusion tensor imaging, FA = fractional anisotropy, FG
= fusiform gyrus, fMRI= functional MRI, GM= graymatter, HC= healthy controls, ID= insomnia disorder, IFG= inferior frontal gyrus,
MDD = major depressive disorder, MFG = middle frontal gyrus, MNI = Montreal Neurologic Institute, MRI = magnetic resonance
imaging, MTG = middle temporal gyrus, PCG = posterior cingulate gyrus, PCG = precentral gyrus, PCUN = precuneus, PET =
positron emission tomography, PHG = parahippocampal gyrus, PI = primary insomnia, PRISMA = Preferred Reporting Items for
Systematic Reviews and Meta-Analyses, ReHo = regional homogeneity, ROI = region of interest, STG = superior temporal gyrus.

Keywords: activation likelihood estimation, insomnia disorder, meta-analysis, multimodal neuroimaging
1. Introduction

Insomnia disorder (ID) is marked by the difficulty in initiating or
maintaining sleep or when the sleep is nonrefreshing or of poor
quality.[1] ID is a common sleep problem in adults with a
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prevalence ranging from 4% to 22% in the worldwide
population.[2] Additionally, ID has been considered as the
second most common mental disorder in Europe.[3] ID was
associated with a reduced quality of life, and may show an
increased risk of road and motor vehicle accidents.[4] However,
the neurobiology of ID remains unclear.
Magnetic resonance imaging (MRI) is a noninvasive tool with

high spatial resolutions. Over the past few decades, various
imaging modalities were implemented in ID studies. These
different modalities included: structural MRI, diffusion tensor
imaging (DTI), functional MRI (fMRI), and positron emission
tomography (PET).[5] Most studies adopted a separate modality
to explore ID. More efforts should be made to concentrate on
integration of different imaging modalities to enhance accuracy
of ID diagnosis. Additionally, inconsistent results for comparison
between ID and healthy controls (HC) were obtained from
studies with specific modality especially from fMRI studies.
Therefore, we applied activation likelihood estimation (ALE)
method, which is a powerful voxel-based technique for
neuroimaging meta-analysis, to explore the key regions of brain
pathology in ID.
The present study aimed to perform a comprehensive review of

multimodal MRI studies on ID to explore the structural and
functional brain changes of ID and key regions suffering from
deficits in ID.
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2. Methods

The present investigation was performed on the basis of Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) statement.[6] The study is a meta-analysis, an analysis
with secondary processing. Thus, ethical approval was not
necessary in the study.
2.1. Search strategy

We searched on PubMed and Web of Science databases for
articles in English published until August 2019. Search terms used
were: (“insomnia disorder") AND (“neuroimaging" OR “mag-
netic resonance imaging" OR “MRI"). After removing dupli-
cates, a total of 63 articles were included.
2.2. Inclusion and exclusion criteria

All structural MRI, PET, DTI, and fMRI investigations on ID
were included in our study. Additionally, included studies
should include both HC and ID as participants. Moreover,
included investigations should provide Talairach or Montreal
Neurologic Institute (MNI) coordinates for comparisons
between HC and ID.
We excluded secondary processing of literature including

reviews and meta-analysis articles. Additionally, we excluded
case studies without group-level statistics. Moreover, the present
study excluded region of interest analyses and seed-based
functional connectivity analyses.

2.3. Data collection

Two independent individuals read the titles and abstracts of the
finally included 18 articles. We recorded following data from
these full-texts: author, publication years, imaging modality and
analysis methods, participant demographics (sample size, age,
and gender), tasks for task-related fMRI studies, contrasts of
included studies, foci, correction for multiple comparisons, and
covariates.

2.4. Meta-analysis procedures

We performed the ALE meta-analysis with Java-based version of
GingerALE 2.3.6 (http://www.brainmap.org/ale). ALE studies
were performed for structural MRI, PET, DTI, rs-fMRI, and
workingmemory-related fMRI investigations in ID.We converted
Talairach coordinates to corresponding MNI coordinates with
icbm2tal.[7,8] We applied ALE to evaluate the convergence of
difference between ID and HC in terms of foci across studies. The
foci datawere recorded in a text file and read into the software.We
acquired statistical significance using a permutation test (5000
permutations) on randomly distributed foci. According to subjects
numbers in each study, we calculated full-width-half-maximum.[9]

ALE maps were set a threshold at P< .05 using the false discovery
rate with an extent threshold >200mm3. Finally, ALE maps were
overlaid onto the MNI 152 template and viewed with Mango
software (http://rii.uthscsa.edu/mango).

3. Results

3.1. Search results

The search results and inclusion procedures were showed in
Figure 1. Additionally, we summarized study characteristics and
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results in supplementary Table S1, http://links.lww.com/MD/
D936. In finally include n=18 articles, n=3 studies[10–12] made
analysis of ID-related gray matter (GM) abnormalities with
whole-brain voxel-based morphometry (VBM), n=2 PET
experiments[13,14] were included in the present study, n=2
studies[15,16] investigated disturbed white matter integrity in ID.
n=7 resting-state fMRI studies[10,17–22] (n=4 studies applied the
amplitude of low frequency fluctuations [ALFF] method, n=2
studies used regional homogeneity [ReHo], n=1 study applied
whole brain functional connectivity) were included in the present
study. n=4 task-related fMRI investigations[23–26] explored
brain activation abnormalities in ID patients (n=2 studies
applied working memory tasks, n=1 study used sleep-related
stimuli, n=1 study applied letter fluency task and category
fluency task).

3.2. Meta-analysis results

ALE analysis indicated that ID patients showed significant GM
reductions in the right middle frontal gyrus (MFG), compared to
HC (see Fig. 2A and supplementary Table S2, http://links.lww.
com/MD/D936). Regarding PET studies, ALE analysis showed
reduced relative cerebral glucose metabolism in the right
amygdala (AMYG), the right anterior cingulate cortex (ACC),
and the right posterior cingulate gyrus (PCG) in ID patients,
compared to HC (see Fig. 2B and supplementary Table S2, http://
links.lww.com/MD/D936). Regarding DTI studies, the present
study indicated that ID patients showed reduced fractional
anisotropy values in the left putamen and the right caudate body,
compared to HC (see Fig. 2C and supplementary Table S2, http://
links.lww.com/MD/D936).
Additionally, ID patients showed reduced ALFF in the left

fusiform gyrus (FG), the left middle temporal gyrus (MTG), the
right MTG, the right anterior lobe (AL) and the left PCG,
compared to HC (see Fig. 3A and supplementary Table S2, http://
links.lww.com/MD/D936). ID patients showed increased ALFF
in the left MFG, compared to HC (see Fig. 3B and supplementary
Table S2, http://links.lww.com/MD/D936). ID patients showed
reduced ReHo in the left parahippocampal gyrus (PHG), the left
sub-lobar, the left cuneus, the left precentral gyrus (PCG), the
right AL, the right ACC, and the right PCG, compared to HC (see
Fig. 3C and supplementary Table S2, http://links.lww.com/MD/
D936). ID patients showed increased ReHo in the left FG, the left
precuneus, and the right cingulate gyrus, compared to HC (see
Fig. 3D and supplementary Table S2, http://links.lww.com/MD/
D936). Moreover, the ALE analysis showed hypoactivation
relative to HC in the left superior temporal gyrus (STG), the left
MTG, the right inferior frontal gyrus, the right cuneus, and the
right STG in ID patients (see Fig. 3E and supplementary Table S2,
http://links.lww.com/MD/D936) in task-related fMRI investiga-
tions.

4. Discussion

The ALE results reflected different aspects (brain atrophy,
microstructural abnormity, neuronal network dysfunctions) of
ID-related pathological changes.
The present study indicated that ID patients showed significant

GM reductions in the right MFG, compared to HC. The
prefrontal cortex is considered to be associated with alertness,
attention, and executive function.[27] Some other brain morpho-
logical studies also supported structural abnormalities in the
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Figure 1. Flow of information through the different phases of a meta-analysis. ID= insomnia disorder, MRI=magnetic resonance imaging, ROI= region of interest.

Figure 2. (A) Gray matter reduction in ID patients compared to HC (in blue). (B) Reduced relative cerebral glucose metabolism in ID patients compared to HC (in
blue). (C) Lower FA in ID patients relative to HC (in blue). ACC=anterior cingulate cortex, AMYG=amygdala, FA= fractional anisotropy, GM=gray matter, HC=
healthy controls, ID= insomnia disorder, MFG=middle frontal gyrus, PCG=posterior cingulate gyrus.

Wu et al. Medicine (2020) 99:14 www.md-journal.com

3

http://www.md-journal.com


Figure 3. (A) Resting-state hypoactivation (in blue) with ALFF algorithm in ID patients relative to HC. (B) Resting-state hyperactivation (in red) with ALFF algorithm in
ID patients relative to HC. (C) Resting-state hypoactivation (in blue) with ReHo algorithm in ID patients relative to HC. (D) Resting-state hyperactivation (in red) with
ReHo algorithm in ID patients relative to HC. (E) Hypoactivation (in blue) in ID relative to HC during tasks. ACC=anterior cingulate cortex, AL=anterior lobe, ALFF=
amplitude of low frequency fluctuations, CG=cingulate gyrus, FG= fusiform gyrus, HC=healthy controls, ID= insomnia disorder, IFG= inferior frontal gyrus, MTG=
middle temporal gyrus, PCG=posterior cingulate gyrus, PCG=precentral gyrus, PCUN=precuneus, PHG=parahippocampal gyrus, ReHo= regional
homogeneity, STG=superior temporal gyrus.
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prefrontal cortex in primary insomnia (PI) patients. A VBM
study[12] reported that PI patients showed significantly reduced
GM volumes in medial frontal and middle temporal gyri,
compared to HC. A PET study[14] indicated PI patients showed
reduced metabolism in the prefrontal cortex when awake.
Additionally, fMRI studies also support our results. Altena
et al[23] reported that chronic ID patients showed hypoactivation
in the medial and inferior prefrontal cortical areas during a
category and a letter fluency task. A rs-fMRI study with ALFF
algorithm indicated that HC with sleep deprivation showed
reduced ALFF in the right inferior parietal lobule, bilateral
orbitofrontal cortex, and dorsolateral prefrontal cortex.[28] Our
ALE meta-analysis for rs-fMRI studies with ALFF algorithm
indicated that ID patients showed increased ALFF in the left
MFG, compared to HC. These findings supported that ID
patients showed damage in prefrontal cortex structure and
function. A recent animal study[29] showed that dysfunction in
prefrontal cortex might be associated with neural fatigue of locus
coeruleus neurons, projecting to prefrontal cortex, after extended
prolonged wakefulness.
4

The present study showed decreased ALFF and ReHo in
temporal lobe in ID, compared to HC. The temporal lobe is
memory-related brain lobe.[30] Epidemiological and experimental
evidence supported that untreated ID may contribute to cognitive
and behavioral symptoms.[31,32] Additionally, a previous study
indicated that ID patients showed characteristic abnormalities in
the left PHG, right PHG, and bilateral temporal cortex during
spatial working memory.[25] Son et al[26] found higher levels of
brain activation in the right lateral inferior frontal cortex and the
right superior temporal pole in IDpatients compared toHCduring
a working memory task. The dysfunction in the temporal lobe
might be the link between ID and memory deficits. The present
study showed structural deficits in the right MFG, the right
AMYG, the right ACC, the PCG, the left putamen, and the right
caudate body in IDpatients, compared toHC.Meanwhile, ameta-
analysis of 6 MRI and 4 PET studies by Sacher et al[33] claimed
deficits in the AMYG, hippocampus, PHG, ACC, orbitofrontal
cortex, and insula in major depressive disorder (MDD), compared
to HC. The corresponding results obtained from ID and MDD
patients could explain the structural association between the 2
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diseases. Additionally, IDpatients showed functional deficits in the
left FG, the bilateralMTG, the rightAL, the left PCG, the left PHG,
the left sublobar, the left cuneus, the bilateral PCG, and the right
ACC, compared to HC. Some of these regions were overlapped
with the regions provided by Kuhn and Gallinat[34] that MDD
patients showed functional deficits in the left PCG, left FG, and the
left insula. The result provided the functional relationship between
ID and MDD.
There are some limitations in the present study. First, ALEmeta-

analysis could not explore the heterogeneity between individual
studies. But the present study tried to minimize the heterogeneity
via the strict inclusion and exclusion criteria. Moreover, the ALE
algorithm is based on a random-effects model which is more
conservative than the fixed-effects model and incorporates both
within-study and between-study variance. Second, meta-analysis
for task-related fMRI reflects different facets of neural activation
abnormity during different task, combined study might be not
appropriate. Thirdly, ALE technique could not evaluate the
significance level of contributing results.
5. Conclusions

Via this ALE meta-analysis, we obtained key regions suffering
from different kinds of deficits in ID with multimodal MRI
studies. Additionally, the regional abnormalities in MRI studies
might serve as biomarkers for early diagnosis of ID.
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