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Abstract 

Background: Impaired cerebrospinal fluid (CSF) dynamics may contribute to the pathophysiology of neurodegen-
erative diseases, and play a crucial role in brain health in older people; nonetheless, such age-related changes have 
not been well elucidated. Disproportionately enlarged subarachnoid-space hydrocephalus (DESH) is a neuroimaging 
phenotype of idiopathic normal-pressure hydrocephalus, originating from impaired CSF dynamics, and closely associ-
ated with aging. This study aimed to investigate the pathophysiology of DESH and determine age-related changes in 
CSF dynamics.

Methods: Using magnetic resonance imaging, we investigated the pathophysiology of DESH by quantitatively 
evaluating the volumes of DESH-related regions (ventricles [VS], Sylvian fissure [SF], and subarachnoid spaces at high 
convexity and midline [SHM]) and brain parenchyma in community-dwelling individuals aged  ≥ 65 years. DESH-
related regions were assessed using a visual rating scale, and volumes measured using voxel-based morphometry. 
Brain parenchyma volumes were measured using FreeSurfer software.

Results: Data from 1,356 individuals were analyzed, and 25 (1.8%) individuals had DESH. Regarding the relation-
ships between the volume of each CSF space and age, VS and SF volumes increased with age, whereas SHM volume 
did not increase. VS and SF volumes increased as the whole brain volume decreased, whereas SHM volume did not 
increase even if the whole brain volume decreased; that is, SHM did not expand even if brain atrophy progressed. 
Moreover, lower Mini-Mental State Examination scores were significantly associated with lower SHM volume and 
higher VS volume. These associations remained significant even when individuals with DESH were excluded.

Conclusions: This study showed that the volume of high-convexity and medial subarachnoid spaces did not expand 
and tended to decrease with age; the human brain continuously progresses toward a “DESH-like” morphology with 
aging in community-dwelling older persons (i.e., DESH might be an “accelerated aging stage” rather than an “age-
related disorder”). Our results indicated that brain atrophy may be associated with the development of “DESH-like” 
morphology. In addition, this morphological change, as well as brain atrophy, is an important condition associated 
with cognitive decline in older adults. Our findings highlight the importance of investigating the aging process of CSF 
dynamics in the human brain to preserve brain health in older people.

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Open Access

Fluids and Barriers of the CNS

*Correspondence:  mtakebayashi@kumamoto-u.ac.jp

6 Department of Neuropsychiatry, Faculty of Life Sciences, Kumamoto 
University, Kumamoto, Japan
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12987-022-00381-5&domain=pdf


Page 2 of 15Hidaka et al. Fluids and Barriers of the CNS           (2022) 19:82 

Background
Dementia is a serious social problem worldwide, and 
suitable measures for its prevention and treatment are 
urgently needed. Age is the greatest risk factor for the 
development of dementia, and age-related pathological 
changes in the brain parenchyma are well studied [1]. 
Neuropathological changes, such as neurofibrillary tan-
gles, neuritic plaques, and infarcts, increase with age, 
thereby reducing the brain volume, resulting in cogni-
tive decline. Recently, various concepts of cerebrospinal 
fluid (CSF) dynamics as the clearance systems for protein 
waste such as amyloid β (e.g., the glymphatic system and 
the meningeal lymphatic system) have attracted atten-
tion [2–6]. Impaired CSF dynamics may contribute to the 
pathophysiology of neurodegenerative diseases such as 
Alzheimer’s disease [2, 5, 7–9]. CSF dynamics may have 
a crucial role in brain health; nonetheless, age-related 
changes in CSF dynamics have not been well elucidated.

Idiopathic normal-pressure hydrocephalus (iNPH) 
originates from impaired CSF dynamics in the absence 
of a previous illness or injury (e.g., meningitis and suba-
rachnoid hemorrhage) [10]. Gait disturbance is the most 
prominent symptom, although cognitive impairment and 
urinary incontinence are also common. iNPH develops in 
older individuals, and shunt surgery improves symptoms 
[10]. Disproportionately enlarged subarachnoid-space 
hydrocephalus (DESH), is defined as tight high-convexity 
and medial subarachnoid spaces and enlarged Sylvian fis-
sure (SF) with ventriculomegaly [11, 12], and is a neuro-
imaging phenotype of iNPH. DESH is closely associated 
with aging [13]. Thus, investigating the pathophysiology 
of DESH could reveal one aspect of age-related changes 
in CSF dynamics.

While the brain parenchyma volume and pathophysi-
ology of CNS aging and neurological diseases have been 
extensively studied, few studies have quantified the vol-
ume of DESH-related regions (e.g., ventricles, SF, and 
high-convexity and medial subarachnoid spaces) in 
large-scale samples. One study reported the creation 
of an automated classifier for the imaging character-
istics of DESH (DESH score) using the support vector 
machine-based method [14]; other studies investigated 
the association between the DESH score and cognitive 
dysfunction in community-dwelling individuals [15, 16]. 
High-convexity tight sulci (HCTS) have been reported 
using the DESH score, with 6.6% of community-dwelling 
older people having high-convexity tight sulci (HCTS) 
[15]. Individuals with HCTS tended to have cognitive 

dysfunction, often without Alzheimer’s disease pathol-
ogy, which revealed a novel etiology called CSF dynamics 
disorders [15]. The DESH score is reportedly an inde-
pendent predictor of subsequent cognitive decline in 
the general population [16]. These studies are valuable 
in terms of quantifying a DESH-like imaging pattern in 
large-scale samples of community-dwelling individuals 
and show that age-related changes in CSF dynamics may 
cause cognitive decline in older adults. However, it has 
not yet been established whether DESH is a rare condi-
tion associated with aging or whether the human brain 
continuously progresses toward a “DESH-like” mor-
phology with aging (age-related disorder vs. accelerated 
aging stage, respectively). The DESH score did not rep-
resent the actual CSF volume of DESH-related regions; 
thus, the effect of brain atrophy (which should be closely 
associated with CSF space dilatation) on DESH remains 
unclear.

Methods
Aim
In this study, to investigate the pathophysiology of 
DESH, the volumes of DESH-related regions (ventri-
cles, SF, and high-convexity and medial subarachnoid 
spaces) and brain parenchyma were quantitatively evalu-
ated in a large sample of community-dwelling individu-
als aged  ≥ 65  years. Our objectives were (i) to examine 
whether DESH is an age-related disorder or an acceler-
ated aging stage; (ii) to clarify whether brain atrophy is 
associated with the development of DESH-like morphol-
ogy; (iii) to explore the factors associated with the devel-
opment of DESH-like morphology; and (iv) to verify 
whether age-related DESH-like morphological changes 
are associated with clinical symptoms such as cognitive 
and gait dysfunctions.

Study design and participants
A total of 1,577 community-dwelling older residents in 
Arao City, Kumamoto Prefecture (southern Japan), were 
enrolled between November 2016 and March 2017. This 
cross-sectional analysis using baseline data was part of 
the Japan Prospective Studies Collaboration for Aging 
and Dementia, which is designed to enroll approximately 
10,000 community-dwelling residents aged  ≥ 65  years 
from eight sites in Japan to explore the genetic and envi-
ronmental risk factors for dementia [17]. Participants 
were excluded if they had no or unsuitable magnetic res-
onance imaging (MRI) data, missing data, dementia (i.e., 
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to examine the age-related changes in CSF dynamics), or 
severe gait disturbance (i.e., to exclude the effect of mus-
culoskeletal disorders on gait assessment) (see Additional 
file 1: Table S1–S4).

Standard protocol approvals, registrations, and patient 
consents
This study was approved by the Research Ethics Commit-
tee of Kumamoto University (Kumamoto, Japan; approval 
number, GENOME-333). All participants provided writ-
ten informed consent prior to data collection in accord-
ance with the Declaration of Helsinki.

Procedures
Standardized approaches for questionnaires, blood tests, 
and dementia diagnosis were applied across all study 
sites, as previously described [17]. Cognitive function 
was assessed using the Mini-Mental State Examination 
(MMSE) [18]. Dementia [19] and its subtypes [17] were 
diagnosed based on standard criteria, and Petersen’s cri-
teria were used to diagnose mild cognitive impairment 
(MCI) [20]. Individuals without dementia or MCI were 
considered cognitively normal in this study.

Gait was assessed using the Timed Up and Go (TUG) 
test [21]. The TUG test was performed twice, and the 
shorter time was used for the analysis. Gait disturbance 
was defined as a TUG time  > 12.0  s [22], and severe 
gait disturbance as a TUG time  > 16.7 s (three standard 
deviations above the mean of this cohort). Hyperten-
sion was defined as a blood pressure  ≥ 140/90  mmHg 
and/or the use of antihypertensive agents. Diabetes was 
defined as fasting blood glucose  ≥ 126  mg/dL, casual 
blood glucose  ≥ 200  mg/dL, hemoglobin A1c ≥ 6.5%, 
and/or the use of glucose-lowering agents. Dyslipidemia 
was defined as low-density lipoprotein  ≥ 140 mg/dL and/
or high-density lipoprotein  < 40  mg/dL, and/or taking 
medication for dyslipidemia. Body mass index (BMI) was 
calculated using body height and weight. The criteria for 
atrial fibrillation were based on self-reported questions 
and/or electrocardiographic evidence. Information on 
education level, history of coronary artery disease, heart 
failure, and smoking was obtained using self-reported 
questionnaires.

Imaging and diagnoses
Brain MRI was conducted at the Arao Municipal Hos-
pital (Kumamoto, Japan) and Omuta Tenryo Hospi-
tal (Fukuoka, Japan) using the 1.5-Tesla Ingenia CX 
dual scanner (Philips Healthcare, Best, Netherlands) or 
the 1.5-Tesla Signa HDxt Ver.23 scanner (GE Health-
care, Milwaukee, WI, USA). The Philips MRI scan-
ning protocol consisted of a three-dimensional (3D) 
T1-weighted sequence (repetition time = 8.6  ms, echo 

time = 4.0  ms, flip angle = 9°, matrix = 192 × 192, slice 
thickness = 1.2  mm), a 3D T2-weighted sequence 
(repetition time = 5082.3  ms, echo time = 100.0  ms, 
flip angle = 90°, matrix = 356 × 248, slice thick-
ness = 5.0 mm), a 3D fluid-attenuated inversion recovery 
(FLAIR) sequence (repetition time = 11,000.0  ms, echo 
time = 120.0  ms, flip angle = 90°, matrix = 288 × 203, 
slice thickness = 5.0  mm), and a susceptibility-weighted 
imaging (SWI) sequence (repetition time = 78.4  ms, 
echo time = 41.4  ms, flip angle = 20°, matrix = 88 × 272, 
slice thickness = 2.4  mm). The GE Signa MRI scanning 
protocol consisted of a 3D T1-weighted sequence (rep-
etition time = 8.3 ms, echo time = 3.4 ms, flip angle = 8°, 
matrix = 192 × 192, slice thickness = 1.2  mm), a 3D 
T2-weighted sequence (repetition time = 4517.0 ms, echo 
time = 92.6 ms, flip angle = 90°, matrix = 352 × 224, slice 
thickness = 5.0  mm), a 3D FLAIR sequence (repetition 
time = 10,000.0 ms, echo time = 149.2 ms, flip angle = 90°, 
matrix = 288 × 193, slice thickness = 5.0  mm), and a 
3D T2-Star weighted angiography sequence (repetition 
time = 75.2  ms, echo time = 57.9  ms, flip angle = 20°, 
matrix = 320 × 200, slice thickness = 3.0 mm).

FLAIR MRI was used to assess vascular diseases such 
as infarction and white matter hyperintensity (WMH) 
load. Participants with large vascular lesions (e.g., corti-
cal infarction and hemorrhage), tumors, and artifacts 
were excluded from the analysis (see Additional file  1: 
Table  S3). The degree of WMH load was rated visually 
on axial FLAIR images by using the Fazekas scale (i.e., 
grade 1 [punctate], grade 2 [early confluent], or grade 3 
[confluent]) in the periventricular and deep white matter 
(WM) regions [23]. The sum of the periventricular and 
deep WMH scores, ranging from 0 to 6, was used for the 
analysis. Lacunar infarction was defined as a CSF-like 
hypo-intensity with a diameter  > 2 mm surrounded by a 
rim of hyperintensity on T2 FLAIR. Lacunar infarction 
was considered present if there was at least one visible 
lacunar infarction. Microbleeds were assessed using SWI 
or T2-Star software and recorded using the same method 
used for lacunar infarction. The Fazekas scale, lacu-
nar infarction, and microbleeds were the covariates. All 
brain images were assessed by a neuroradiologist (N.T.) 
and two neuropsychiatrists (Y.H. and M.H.) who were 
blinded to the clinical data. Each of the three evaluators 
separately assessed all brain images. In discordant cases, 
the rating was determined by the consensus of the three 
evaluators.

A visual rating scale was used to assess the DESH-
related regions with reference to the previous literatures 
[11, 12] (Fig. 1A–C). The Evans index (EI) value was the 
ratio of the maximum diameter of the frontal horns of the 
lateral ventricles to the maximum inner diameter of the 
skull on the transverse section. The ventricular system 
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Fig. 1 Assessment of DESH-related regions. A VS: EI ≤ 0.3, not dilated; EI > 0.3, dilated. Ventriculomegaly was defined as an EI of > 0.3. B SF: 0, normal; 
1, mildly dilated; 2, moderately dilated; 3, severely dilated. Scores of 2 or 3 were defined as enlarged SF. C SHM: 0, not tight; 1, moderately tight; 2, 
severely tight. Scores of 1 or 2 were defined as tight SHM. D VOI template for the CSF volume of VS. E VOI template for the CSF volume of SF. F VOI 
template for the CSF volume of SHM. DESH disproportionately enlarged subarachnoid-space hydrocephalus, EI Evans index, SF Sylvian fissure, SHM 
subarachnoid space at high convexity and midline, VOI voxels of interest, VS ventricular system
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(VS) was classified as “not dilated” if EI ≤ 0.3 or “dilated” 
if EI > 0.3 (Fig.  1A). Ventriculomegaly was defined as an 
EI > 0.3. The SF was assessed in transverse and coronal 
sections. SF enlargement was rated as, 0 normal; 1, mildly 
dilated; 2, moderately dilated; and 3, severely dilated 
(Fig. 1B). Scores of 2 or 3 indicated enlarged SF. The sub-
arachnoid spaces at high convexity and midline (SHM) 
were evaluated using transverse and coronal section 
images, and their tightness was rated as follows: 0, not 
tight; 1, moderately tight; and 2, severely tight (Fig. 1C). 
Scores of 1 or 2 constituted tight SHM.

Participants meeting all criteria for ventriculomeg-
aly, enlarged SF, and tight SHM were diagnosed with 
DESH. “Possible iNPH with MRI support” was defined 
as DESH with MCI and/or gait disturbance. “Asympto-
matic ventriculomegaly with features of iNPH on MRI 
(AVIM)” was defined as DESH with neither MCI nor gait 
disturbance.

To quantitatively assess the DESH-related regions, we 
utilized an automatic volumetric segmented brain image 
system, which was modified to evaluate iNPH [24, 25]. 
We prepared voxels of interest (VOI) templates for the 
intracranial volume, VS, SF, and SHM (Fig.  1D–F), as 
previously described [26]. Each regional VOI template 
was produced on a digital phantom Simulated Brain 
Database (http:// www. bic. mni. mcgill. ca/ brain web/), 
according to the standard Montreal Neurological Insti-
tute space, with manual delineation of the contours of 
each structure. The SHM VOI template was produced 
manually by referring to the results of a previous study on 
voxel-based morphometry (VBM) in iNPH patients and 
normal controls [27]. For this process, the MRI for each 
participant was segmented into gray matter (GM), WM, 
and CSF by the SPM8 segmentation program (Wellcome 
Trust Centre for Neuroimaging, London, UK). The GM 
template image derived from the Simulated Brain Data-
base was then spatially transformed into the GM image 
for each participant, and a normalization parameter was 
produced by using SPM8 and the Diffeomorphic Ana-
tomical Registration Through Exponentiated Lie Alge-
bra technique. This normalization parameter functions 
in the same manner as a reverse parameter produced in 
the anatomical normalization of an individual brain to a 
standard brain. With this parameter, the intracranial vol-
ume, VS, SF, and SHM VOI templates were transformed 
to each participant’s space. The intracranial volume was 
adjusted by using an image derived from the segmented 
GM, WM, and CSF images. The segmented images were 
derived by calculating the WM and GM areas with the 
voxels from the intracranial volume VOI template. CSF 
volumes of the VS, SF, and SHM were calculated using 
the transformed VS, SF, and SHM subarachnoid space 

VOI templates for each participant. Each regional vol-
ume was normalized to the total intracranial volume.

Volumetric segmentation was achieved using Free-
Surfer version 5.3 (http:// surfer. nmr. mgh. harva rd. edu/) 
on CentOS6. Using the Desikan–Killany Atlas, we meas-
ured 34 cortical regions, 7 subcortical regions, corpus 
callosum, cerebellum cortex, and vessels (represented 
perivascular space around the basal ganglia) in absolute 
volumes (see Additional file 1: Table S5) [28, 29]. The ves-
sel volume was used as a covariate. Each regional volume 
was normalized to the total intracranial volume.

Statistical analysis
Statistical analysis was conducted using SPSS ver-
sion 27.0 (IBM Corp., Armonk, NY, USA). To examine 
whether the volume of DESH-related regions showed 
continuity between normal aging and DESH, we analyzed 
the data in two groups: all individuals (n = 1,356) and the 
non-DESH group (n = 1,331).

Continuous variables were compared using t-tests. Dif-
ferences in proportions were compared using the chi-
square test. We used Pearson’s correlation coefficient (r) 
to determine the association between the EI and VS vol-
ume. Spearman rank correlation (rs) was used for com-
paring the visual rating scales of SF and SHM with their 
volumes. To determine the association between the VS, 
SF, and SHM volumes and age, we used Pearson’s correla-
tion coefficient (r). To explore the factors associated with 
DESH-related regions and examine correlations between 
brain structure volumes and age, we used multivariate 
linear regression while adjusting for the following possi-
ble confounders: sex, education, hypertension, diabetes 
mellitus, dyslipidemia, atrial fibrillation, coronary artery 
disease, heart failure, BMI, history of smoking, Fazekas 
score, lacunar infarction, microbleeds, and perivascular 
space. We used Pearson’s correlation coefficient (r) to 
determine the association between the VS, SF, and SHM 
volumes and total brain volume.

To identify the brain structures, including DESH-
related regions (i.e., VS, SF, SHM), that affect cognitive 
function, we conducted hierarchical multiple regression 
analysis using the MMSE score as the dependent variable. 
After entering the independent variables (age, sex, educa-
tion, hypertension, diabetes mellitus, dyslipidemia, atrial 
fibrillation, coronary artery disease, heart failure, BMI, 
history of smoking, MRI scanner, Fazekas score, lacunar 
infarction, microbleeds, and perivascular space) in Block 
1, each brain structure was entered in Block 2. For each 
analysis, the standardized regression coefficient (βSTD) 
and the change in R2 (∆R2) were calculated. We ranked 
the effect of the brain structures on the MMSE score by 
descending ∆R2. The same analysis was conducted to 

http://www.bic.mni.mcgill.ca/brainweb/
http://surfer.nmr.mgh.harvard.edu/
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evaluate the brain structures affecting gait function (i.e., 
TUG score).

For all multivariate analyses, we visually inspected nor-
mal Q-Q plot to check for normality of residuals. Collin-
earity was examined using the variance inflation factor 
(values  > 10 were considered problematic). The Durbin–
Watson statistic was used to identify autocorrelation 
(values  < 1 and  > 3 were considered problematic). Cook’s 
distance was calculated to check for influential outliers 
(values  > 0.5 were considered problematic).

For all analyses, significance was set at P < 0.05. To cor-
rect for multiple comparisons, we employed Bonferroni 
corrections; for example, the significance level for the 
comparison of 46 brain structures (43 brain regions and 
three DESH-related regions) was P < 0.0011 (0.05/46).

Results
Overall, 221 individuals were excluded, as detailed in 
Fig.  2 and Additional file  1: Tables S1–S4. Thus, 1,356 
participants (mean age: 73.8 ± 6.2  years; 834 women 
[61.5%]) were included in the analysis. Table  1 shows 
the demographic and clinical characteristics of the study 
population.

In the visual DESH assessment, 214 (15.8%) par-
ticipants had at least one DESH feature. Further, 118 
(8.7%), 86 (6.3%), and 131 (9.6%) participants had 

ventriculomegaly, enlarged SF, and tight SHM, respec-
tively. Moreover, 25 (1.8%) participants had DESH; of 
these, 10 (0.7%) and 15 (1.1%) participants were classified 
as having possible iNPH with MRI support and AVIM, 
respectively (Fig. 2).

Correlations of volumes of DESH-related regions with 
their visual assessments are provided in Additional file 1: 
Figure S1 (see Additional file  1). VS volume exhibited a 
positive linear correlation with EI (r = 0.695, P < 0.0001). 
SF volume was positively correlated with its visual rating 
scale (rs = 0.412, P < 0.0001), and SHM volume was nega-
tively correlated with its visual rating scale (rs = -0.434, 
P < 0.0001).

The DESH and non-DESH groups are compared in 
Table  1. Compared to the non-DESH group, the DESH 
group was older and had a higher prevalence of coronary 
artery disease, lower MMSE score, higher TUG and Faze-
kas scores, and more lacunar infarctions. VS and SF were 
higher, whereas the SHM was lower in the DESH group 
than in the non-DESH group.

Individuals without DESH (n = 1331) were compared 
in two groups, the MCI group (n = 213) and the nor-
mal cognitive (NC) group (n = 1118) (see Additional 
file  1: Table  S6). Compared to the NC group, the MCI 
group was older and had more men, lower education, 
a higher prevalence of atrial fibrillation, lower MMSE 

Fig. 2 Flowchart of the study and the prevalence of DESH. aMCI and bTUG > 12.0 s. AVIM asymptomatic ventriculomegaly with features of idiopathic 
normal-pressure hydrocephalus on MRI, DESH disproportionately enlarged subarachnoid-space hydrocephalus, iNPH idiopathic normal-pressure 
hydrocephalus, MCI mild cognitive impairment, TUG Timed Up and Go



Page 7 of 15Hidaka et al. Fluids and Barriers of the CNS           (2022) 19:82  

score, higher TUG and Fazekas scores, and more lacu-
nar infarctions. Furthermore, VS and SF volumes were 
higher, whereas SHM volume was lower in the MCI 
group than in the NC group.

The correlation analysis results are illustrated in scat-
terplot diagrams to represent the relationships between 
the volume of each DESH-related region and age (Fig. 3). 
Correlation analysis indicated that the VS and SF volumes 
were positively correlated with age (Fig.  3A-1 and B-1). 
In contrast, the SHM volume was negatively correlated 
with age (Fig. 3C-1) in all individuals. These correlations 
remained significant after controlling for confound-
ing factors (Table  2). Furthermore, these associations 
remained significant for all DESH-related regions, even 
when individuals with DESH were excluded (Fig.  3A-
2, B-2, C-2, and Table  2). The associations between the 
volume of brain structures and age are provided (see 

Additional file 1: Table S7). After adjusting for confound-
ing factors, the volumes of all brain structures, except for 
the caudal anterior cingulate, frontal pole, temporal pole, 
pericalcarine, caudate, and pallidum, were negatively cor-
related with age. 

Scatterplot diagrams showing the association 
between the VS, SF, and SHM volumes and total brain 
volume are provided in Fig.  4. VS exhibited a positive 
linear correlation with SF (Fig. 4A) and a negative lin-
ear correlation with SHM (Fig.  4B). SF was negatively 
correlated with SHM (Fig. 4C). Total brain volume was 
negatively correlated with VS volume (Fig. 4D) and SF 
volume (Fig.  4E) and positively correlated with SHM 
volume (Fig.  4F). These correlations remained signifi-
cant, even when individuals with DESH were excluded 
(see Additional file 1: Figure S2). To examine the asso-
ciation between the SHM volume and brain atrophy 

Table 1 Demographic and clinical characteristics of participants

Data are n (%) or mean (SD). The volume of each DESH-related region was normalized to the total intracranial volume
* Significance at level P < 0.05
a MCI
b TUG > 12.0 s
c The sum of periventricular and deep WMH scores, ranging from 0 to 6

DESH disproportionately enlarged subarachnoid-space hydrocephalus, SF Sylvian fissure, SHM subarachnoid space at high convexity and midline, VS ventricular 
system

All individuals (n = 1,356) DESH (n = 25) non-DESH (n = 1,331) DESH vs. non-DESH
P-value

Age, years 73.8 (6.2) 79.4 (7.5) 73.7 (6.1)  < 0.0001*

Female sex 834 (61.5%) 13 (52.0%) 821 (61.7%) 0.3242

Education (≤ 9 years) 354 (26.1%) 5 (20.0%) 349 (26.2%) 0.4829

Hypertension 972 (71.7%) 21 (84.0%) 951 (71.5%) 0.1676

Diabetes mellitus 209 (15.4%) 5 (20.0%) 204 (15.3%) 0.5214

Dyslipidemia 692 (51.0%) 9 (36.0%) 683 (51.3%) 0.1291

Atrial fibrillation 81 (6.0%) 2 (8.0%) 79 (5.9%) 0.6661

Coronary artery disease 70 (5.2%) 4 (16.0%) 66 (5.0%) 0.0134*

Heart failure 19 (1.4%) 0 (0.0%) 19 (1.4%) 0.5474

BMI 23.5 (3.3) 23.2 (2.7) 23.5 (3.3) 0.6760

History of smoking 354 (26.1%) 5 (20.0%) 349 (26.2%) 0.4829

MMSE 27.4 (2.5) 25.9 (2.9) 27.4 (2.4) 0.0021*

TUG 8.6 (1.7) 10.1 (2.0) 8.6 (1.7)  < 0.0001*

Cognitive  impairmenta 221 (16.3%) 8 (32.0%) 213 (16.0%) 0.0319*

Gait  disturbanceb 58 (4.3%) 4 (16.0%) 54 (4.1%) 0.0034*

Imaging

 MRI scanner (Philips) 901 (66.4%) 17 (68.0%) 884 (66.4%) 0.8680

 Fazekas  scorec 2.1 (2.1) 3.7 (1.8) 2.1 (2.1) 0.0002*

 Lacunar infarction 300 (22.1%) 13 (52.0%) 287 (21.6%) 0.0003*

 Microbleeds 187 (13.8%) 6 (24.0%) 181 (13.6%) 0.1351

 Perivascular space 0.0001 (0.00005) 0.0001 (0.00005) 0.0001 (0.00005) 0.5991

 VS 0.0335 (0.0088) 0.0527 (0.0092) 0.0331 (0.0084)  < 0.0001*

 SF 0.0136 (0.0022) 0.0180 (0.0029) 0.0136 (0.0021)  < 0.0001*

 SHM 0.0371 (0.0074) 0.0206 (0.0067) 0.0374 (0.0071)  < 0.0001*
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in detail, we investigated the association between the 
volume of SHM and its adjacent parietal cortices (the 
sum of inferior parietal, isthmus cingulate, postcentral, 
posterior cingulate, precuneus, superior parietal, and 
supramarginal). SHM volume was positively correlated 
with the volume of parietal cortices (see Additional 
file  1: Figure S3); SHM did not expand even if pari-
etal cortices atrophied. This association persisted even 
when individuals with DESH were excluded (see Addi-
tional file 1: Figure S3).

In the multivariate analysis of DESH-related regions, 
certain variables, in addition to age, were significantly 
associated with DESH-related regions (Table  2). Male 
sex, higher Fazekas score, and lower prevalence of lacu-
nar infarction were associated with an enlarged VS 
(only lacunar infarction did not reach significance in 
the overall group). Male sex, higher prevalence of atrial 
fibrillation, higher Fazekas scores, and larger perivas-
cular space were associated with an enlarged SF (sex 
reached significance only in the overall group, Fazekas 

Pearson’s r = 0.333, P<0.0001*

Pearson’s r = 0.357, P<0.0001*

Pearson’s r = -0.154, P<0.0001*

Pearson’s r = 0.316, P<0.0001*

Pearson’s r = 0.346, P<0.0001*

Pearson’s r = -0.125, P<0.0001*

Fig. 3 Correlation of DESH-related regions with age. Scatter plots showing the relationships between the volume of each DESH-related region and 
age. A-1 VS and age in all individuals. A-2 VS and age in individuals without DESH. (B-1) SF and age in all individuals. B-2 SF and age in individuals 
without DESH. C-1 SHM and age in all individuals. C-2 SHM and age in individuals without DESH. The volume of each DESH-related region was 
normalized to the total intracranial volume. *The significance level was set at P < 0.05. BMI body mass index, DESH disproportionately enlarged 
subarachnoid-space hydrocephalus, SF Sylvian fissure, SHM subarachnoid space at high convexity and midline, VS ventricular system
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Table 2 Multivariate analysis of DESH-related regions

VS

Variables All individuals (n = 1,356) Individuals without DESH (n = 1,331)

βSTD P-value βSTD P-value

Age 0.3199  < 0.0001* 0.3082  < 0.0001*

Female sex −0.2343  < 0.0001* −0.2423  < 0.0001*

Education (≤ 9 years) −0.0243 0.3478 −0.0126 0.6329

Hypertension −0.0080 0.7602 −0.0085 0.7486

Diabetes mellitus 0.0447 0.0772 0.0391 0.1279

Dyslipidemia −0.0428 0.0913 −0.0429 0.0953

Atrial fibrillation 0.0146 0.5592 0.0186 0.4644

Coronary artery disease 0.0225 0.3718 0.0072 0.7777

Heart failure 0.0094 0.7067 0.0160 0.5306

BMI −0.0151 0.5538 −0.0126 0.6282

History of smoking −0.0129 0.6835 −0.0134 0.6785

Fazekas score 0.1473  < 0.0001* 0.1504  < 0.0001*

Lacunar infarction −0.0571 0.0692 −0.0803 0.0117*

Microbleeds 0.0112 0.6673 0.0078 0.7668

Perivascular space 0.0425 0.0888 0.0411 0.1047

SF

Variables All individuals (n = 1,356) Individuals without DESH (n = 1,331)

βSTD P-value βSTD P-value

Age 0.3280  < 0.0001* 0.3152  < 0.0001*

Female sex −0.0704 0.0310* −0.0588 0.0756

Education (≤ 9 years) 0.0104 0.6955 0.0225 0.4029

Hypertension 0.0206 0.4416 0.0123 0.6488

Diabetes mellitus 0.0228 0.3766 0.0231 0.3771

Dyslipidemia −0.0299 0.2468 -0.0213 0.4157

Atrial fibrillation 0.0539 0.0355* 0.0767 0.0031*

Coronary artery disease 0.0189 0.4622 0.0041 0.8737

Heart failure 0.0166 0.5166 0.0212 0.4129

BMI −0.0036 0.8888 0.0046 0.8623

History of smoking 0.0446 0.1677 0.0490 0.1361

Fazekas score 0.0707 0.0259* 0.0629 0.0503

Lacunar infarction 0.0046 0.8849 0.0072 0.8251

Microbleeds 0.0093 0.7268 0.0169 0.5295

Perivascular space 0.0456 0.0733 0.0538 0.0372*

SHM

Variables All individuals (n = 1,356) Individuals without DESH (n = 1,331)

βSTD P-value βSTD P-value

Age −0.1104 0.0002* −0.0833 0.0063*

Female sex 0.0717 0.0363* 0.0650 0.0619

Education (≤ 9 years) 0.0015 0.9563 −0.0158 0.5765

Hypertension −0.0632 0.0246* −0.0624 0.0288*

Diabetes mellitus −0.0006 0.9809 0.0061 0.8234

Dyslipidemia −0.0052 0.8469 −0.0159 0.5635

Atrial fibrillation 0.0064 0.8105 −0.0078 0.7741

Coronary artery disease −0.0124 0.6459 0.0041 0.8808
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score did not reach significance in individuals without 
DESH, and perivascular space reached significance only 
in individuals without DESH). Male sex, a higher preva-
lence of hypertension, higher Fazekas score, and larger 
perivascular space were associated with lower SHM in 

all groups (sex reached significance only in the overall 
group).

The results of the hierarchical multiple regression 
analysis for the MMSE and TUG scores with brain 
structures are presented in Tables 3 and 4, respectively. 

*The significance level was P < 0.05

BMI body mass index, DESH disproportionately enlarged subarachnoid-space hydrocephalus, SF Sylvian fissure, SHM subarachnoid space at high convexity and 
midline, VS ventricular system

Table 2 (continued)

SHM

Variables All individuals (n = 1,356) Individuals without DESH (n = 1,331)

βSTD P-value βSTD P-value

Heart failure −0.0120 0.6538 −0.0187 0.4930

BMI −0.0311 0.2559 −0.0360 0.1963

History of smoking −0.0306 0.3680 −0.0355 0.3045

Fazekas score −0.1601  < 0.0001* −0.1525  < 0.0001*

Lacunar infarction 0.0242 0.4735 0.0352 0.3024

Microbleeds 0.0074 0.7920 0.0063 0.8242

Perivascular space −0.0822 0.0022* −0.0888 0.0011*

Table 3 Results of hierarchical multiple regression analysis for MMSE with brain structures

After controlling for age, sex, education, hypertension, diabetes mellitus, dyslipidemia, atrial fibrillation, coronary artery disease, heart failure, BMI, history of smoking, 
MRI scanner, Fazekas score, lacunar infarction, microbleeds and perivascular space (Block 1), each brain structure was entered in Block 2. For each analysis, the top 20 
brain structures are shown in descending order of ∆R2

* The significance level was P < 0.0011 to correct for 46 modeling analyses

BMI body mass index, DESH disproportionately enlarged subarachnoid-space hydrocephalus, MMSE Mini-Mental State Examination, SF Sylvian fissure, SHM 
subarachnoid space at high convexity and midline, VS ventricular system

All individuals (n = 1,356) Individuals without DESH (n = 1,331)

Brain structure βSTD P-value ΔR2 Brain structure βSTD P-value ΔR2

1 SHM 0.0993 0.0002* 0.0090 1 SHM 0.0910 0.0006* 0.0076

2 VS −0.0916 0.0010* 0.0068 2 VS −0.0932 0.0009* 0.0071

3 Accumbens 0.0919 0.0016 0.0062 3 Accumbens 0.0914 0.0019 0.0062

4 Hippocampus 0.0904 0.0029 0.0056 4 Middle temporal 0.0901 0.0020 0.0061

5 Middle temporal 0.0852 0.0033 0.0054 5 Precuneus 0.0926 0.0024 0.0059

6 SF −0.0783 0.0042 0.0052 6 Hippocampus 0.0926 0.0024 0.0059

7 Precuneus 0.0863 0.0043 0.0051 7 Lateral occipital 0.0807 0.0051 0.0050

8 Lateral occipital 0.0808 0.0047 0.0050 8 Amygdala 0.0819 0.0051 0.0050

9 Supramarginal 0.0799 0.0052 0.0049 9 Banks sts 0.0822 0.0053 0.0050

10 Amygdala 0.0811 0.0052 0.0049 10 Supramarginal 0.0797 0.0056 0.0049

11 Lingual 0.0708 0.0107 0.0041 11 Lingual 0.0725 0.0096 0.0043

12 Transverse temporal 0.0685 0.0125 0.0039 12 SF -0.0704 0.0104 0.0042

13 Superior temporal 0.0704 0.0161 0.0036 13 Superior temporal 0.0724 0.0141 0.0039

14 Lateral orbitofrontal 0.0658 0.0196 0.0034 14 Superior frontal 0.0756 0.0143 0.0039

15 Superior frontal 0.0712 0.0200 0.0034 15 Inferior parietal 0.0714 0.0188 0.0035

16 Inferior parietal 0.0675 0.0254 0.0031 16 Inferior temporal 0.0649 0.0220 0.0034

17 Banks sts 0.0647 0.0263 0.0031 17 Transverse temporal 0.0632 0.0225 0.0033

18 Inferior temporal 0.0595 0.0347 0.0028 18 Lateral orbitofrontal 0.0641 0.0236 0.0033

19 Precentral 0.0711 0.0367 0.0028 19 Precentral 0.0630 0.0669 0.0022

20 Entorhinal 0.0487 0.0659 0.0021 20 Entorhinal 0.0469 0.0784 0.0020
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For each analysis, the top twenty brain structures are 
shown in descending order of ∆R2. All data are shown 
in Additional file  1: Tables S8, S9. When analyzed in 
all individuals, SHM and VS were associated with the 
MMSE scores and had βSTD coefficients of 0.0993 and 
−0.0916, respectively. In individuals without DESH, 
SHM and VS were associated with the MMSE scores 
and had βSTD coefficients of 0.0910 and −0.0932, 
respectively (Table  3). In all individuals, no DESH-
related regions were associated with the TUG scores, 
whereas 16 brain regions were significantly correlated 
with the TUG scores. In individuals without DESH, no 
DESH-related regions correlated with the TUG scores, 
whereas 11 brain regions were significantly corre-
lated with the TUG scores (Table  4). All data met the 
assumptions required for regression analysis. 

Discussion
This research focused on age-related CSF dynamics, 
measuring the volume of CSF space in a large sample of 
community-dwelling older people. Regarding the rela-
tionships between the volume of each CSF space and 
age, VS and SF volumes increased with age, as expected. 
However, the SHM volume did not increase and tended 
to decrease with age. These three CSF spaces correlated 
with each other; VS and SF volumes were positively cor-
related, and both were negatively correlated with SHM 
volume. These correlations remained even after exclud-
ing individuals with DESH. The pattern of age-related 
changes in the three CSF spaces shown in the commu-
nity-dwelling older people were similar to that of DESH 
findings in patients with iNPH (tight high-convexity 

and medial subarachnoid spaces, enlarged SF, and ven-
triculomegaly). These results suggested that the brains 
of older adults gradually undergo DESH-like changes 
with aging; that is, DESH-like morphological changes 
are not rare phenomena but can occur universally in 
the aged human brain due to altered CSF dynamics.

CSF space is understood to expand as brain atrophy 
progresses. We found that the volumes of VS and SF 
increased as the whole brain volume decreased. How-
ever, it is striking that the SHM volume was positively 
correlated with the whole brain volume (although the 
absolute value of the correlation coefficient was small); 
that is, SHM did not expand even if brain atrophy pro-
gressed. SHM volume was also positively correlated with 
the volumes of adjacent parietal cortices. These results 
remained unchanged, even after excluding individu-
als with DESH. The seemingly paradoxical relationship 
between brain atrophy and SHM volume suggests that 
brain atrophy may have some effect on CSF dynamics, 
although the detailed mechanism is unknown. Further 
research is needed on the relationship between brain 
atrophy and CSF dynamics. The present finding, which 
overturns the conventional belief that SHM expands as 
the brain atrophies, can provide significant implications 
for practice in dementia. The expansion of SHM on MRI 
does not necessarily indicate parietal lobe atrophy.

Previous studies have shown that DESH exists among 
community-dwelling older people and that its prevalence 
increases with age [10, 13]. However, to the best of our 
knowledge, the present study is the first to show that the 
human brain generally changes toward a “DESH-like” 
morphology with aging, even in older people without 

Pearson’s r = 0.464, P<0.0001* Pearson’s r = -0.589, P<0.0001* Pearson’s r = -0.605 , P<0.0001*

Pearson’s r = -0.562, P<0.0001* Pearson’s r = -0.335, P<0.0001* Pearson’s r = 0.139, P<0.0001*

Fig. 4 Correlation between the VS, SF, and SHM volumes and brain volume. A VS and SF. B VS and SHM. C SF and SHM. DVS and brain. E SF and 
brain. F SHM and brain. *The significance level was set at P < 0.05. SF Sylvian fissure, SHM subarachnoid space at high convexity and midline, VS 
ventricular system
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dementia. Why has this significant finding not been ever 
noticed? The discovery of DESH originated from iNPH 
research [11, 12]; thus, DESH-like morphological changes 
have not been well studied in the context of normal brain 
aging. In fact, no study has directly quantified the volume 
of CSF space in large-scale samples or investigated the 
association between CSF volume and age. Additionally, it 
seems that age-related SHM volume reduction has often 
been overlooked because the relatively minor SHM nar-
rowing seen in healthy older people can be regarded as 
not atrophic or as brain morphological changes within 
normal limits on visual assessment. Moreover, post-mor-
tem studies are unsuitable for research on age-related 
CSF volume changes. In this study, the measurement of 
both CSF space and brain volume using MRI in a large 
sample of community-dwelling older people made it pos-
sible to identify the trend toward a DESH-like morphol-
ogy with aging.

To investigate the clinical significance of this age-
related morphological change, we examined the 
relationship between age-related DESH-like morpho-
logical changes and the clinical symptoms of iNPH (e.g., 

cognitive and gait functions). MMSE scores were associ-
ated with SHM and VS, which suggested that decreased 
SHM volume and increased VS volume have a prominent 
role in cognitive decline. This association did not change 
in individuals without DESH, suggesting that decreased 
SHM volume and increased VS volume are associated 
with cognitive decline, even without meeting the defi-
nition of DESH. Few studies have shown an association 
between quantified DESH imaging patterns and cogni-
tive dysfunction in the absence of iNPH [15, 16]. In our 
study, similar findings were replicated using a different 
method directly quantifying the volumes of the DESH-
related regions. In the present study, in individuals with-
out DESH, the MCI group had a lower SHM volume, 
larger VS volume, and lower MMSE scores than those 
in the cognitively unimpaired group. These findings sug-
gest that some people in the MCI group have cognitive 
decline due to reduced SHM volume and increased VS 
volume, independent of brain volume reduction. For all 
individuals and individuals without DESH, the top ten 
brain regions—listed in descending order of ∆R2 associ-
ated with the MMSE score (i.e., hippocampus, middle 

Table 4 Results of hierarchical multiple regression analysis for TUG with brain structures

After controlling for age, sex, education, hypertension, diabetes mellitus, dyslipidemia, atrial fibrillation, coronary artery disease, heart failure, BMI, history of smoking, 
MRI scanner, Fazekas score, lacunar infarction, microbleeds and perivascular space (Block 1), each brain structure was entered in Block 2. For each analysis, the top 20 
brain structures are shown in descending order of ∆R2

* The significance level was P < 0.0011 to correct for 46 modeling analyses

BMI body mass index, DESH disproportionately enlarged subarachnoid-space hydrocephalus, MMSE, Mini-Mental State Examination, SF Sylvian fissure, SHM 
subarachnoid space at high convexity and midline, TUG  Timed Up and Go, VS ventricular system

All individuals (n = 1,356) Individuals without DESH (n = 1,331)

Brain structure βSTD P-value ΔR2 Brain structure βSTD P-value ΔR2

1 Precentral −0.1534  < 0.0001* 0.0128 1 Precentral −0.1433  < 0.0001* 0.0112

2 Pars orbitalis −0.1188  < 0.0001* 0.0120 2 Pars orbitalis −0.1091  < 0.0001* 0.0101

3 Lateral orbitofrontal −0.1227  < 0.0001* 0.0119 3 Lateral orbitofrontal −0.1115  < 0.0001* 0.0100

4 Lingual −0.1127  < 0.0001* 0.0104 4 Lingual −0.1078 0.0001* 0.0095

5 Accumbens −0.1163  < 0.0001* 0.0100 5 Superior parietal −0.1148 0.0002* 0.0088

6 Superior parietal −0.1216  < 0.0001* 0.0099 6 Accumbens −0.1073 0.0003* 0.0085

7 Insula −0.1123 0.0001* 0.0093 7 Insula −0.1013 0.0006* 0.0076

8 Superior frontal −0.1134 0.0002* 0.0086 8 Precuneus −0.1040 0.0007* 0.0074

9 Superior temporal −0.1082 0.0002* 0.0086 9 Superior frontal −0.1050 0.0007* 0.0074

10 Supramarginal −0.1049 0.0002* 0.0085 10 Middle temporal −0.0983 0.0008* 0.0073

11 Posterior cingulate −0.1032 0.0003* 0.0084 11 Superior temporal −0.0970 0.0010* 0.0070

12 Middle temporal −0.1056 0.0003* 0.0083 12 Supramarginal −0.0934 0.0012 0.0068

13 Precuneus −0.1075 0.0004* 0.0080 13 Inferior temporal −0.0918 0.0012 0.0067

14 Pallidum −0.0958 0.0005* 0.0076 14 Pallidum −0.0878 0.0018 0.0063

15 Hippocampus −0.1005 0.0009* 0.0069 15 Hippocampus −0.0955 0.0018 0.0063

16 Inferior temporal −0.0923 0.0010* 0.0068 16 Posterior cingulate −0.0851 0.0028 0.0058

17 Transverse temporal −0.0892 0.0011 0.0067 17 Corpus callosum −0.0857 0.0039 0.0054

18 Corpus callosum −0.0900 0.0022 0.0059 18 Banks sts −0.0850 0.0040 0.0053

19 Banks sts −0.0882 0.0024 0.0058 19 Caudate −0.0822 0.0056 0.0050

20 Rostral anterior cingulate −0.0790 0.0028 0.0056 20 Transverse temporal −0.0736 0.0080 0.0045
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temporal, precuneus, lateral occipital, supramarginal, 
and amygdala)—have been reported as atrophic regions 
in MCI, Alzheimer’s disease, and dementia with Lewy 
bodies [30–34]. The present results suggest that DESH-
like morphological changes as well as brain atrophy are 
important conditions associated with cognitive decline in 
older adults.

In this study, the DESH group had a significantly 
higher TUG scores than the non-DESH group. How-
ever, no DESH-related regions were associated with 
the TUG score. These results suggest that gait distur-
bance appears only when the DESH brain morphology 
is completed. A study reported no significant differ-
ences in gait velocity between the HCTS group and the 
non-HCTS group in the general population [15], which 
agrees with the results of this study. Thus, unlike cog-
nitive dysfunction, gait disturbance does not appear 
only with decreasing SHM volume; it may also require 
increased VS and SF volumes. The results of this study 
suggest that gait disturbance appears later than cogni-
tive dysfunction. This difference in onset may explain 
the difference in the treatment responsiveness of iNPH 
in that improvement is more likely for gait disturbance 
than for cognitive dysfunction.

In the present study, 1.8% of individuals had DESH 
and 1.1% had AVIM. Past studies have reported a DESH 
prevalence of 1.0% [13] and an AVIM prevalence of 
1.0% [35]. Although the evaluation methods for DESH 
and AVIM differed between the aforementioned stud-
ies and our study, the prevalence of each in commu-
nity-dwelling older populations was similar. The DESH 
prevalence was low, although the human brain gener-
ally changes toward a DESH-like morphology with 
aging, which suggests that DESH might be an acceler-
ated aging stage. Awareness of the DESH-like mor-
phological changes with age is important owing to the 
early detection and treatment of iNPH as well as early 
interventions preventing progression toward DESH. 
Focusing on CSF dynamics with aging and developing 
methods to maintain normal CSF dynamics may con-
tribute to preservation of cognitive and gait functions 
in older people.

It is unclear why DESH-like brain morphologi-
cal changes occur with age; however, based on previ-
ous findings [5, 36, 37], age-related changes in CSF 
dynamics in the human brain may occur via various 
mechanisms. Aged mice reportedly have a disrup-
tion in meningeal lymphatic function [5], and advanc-
ing age was associated with a decline in the efficiency 
of CSF-interstitial fluid exchange in rodents [36]. 
Ventriculomegaly in the human brain occurs partly 
because of age-related timing dissociation between the 
superficial and deep venous system [37]. The factors 

associated with the DESH-related regions in our study, 
such as hypertension, perivascular space and WMH, 
may be related to their pathophysiology. Hypertension 
decreases the net flow of CSF in the perivascular spaces 
of rodents, suggesting a decline in glymphatic function 
[38]. In our study, a higher prevalence of hyperten-
sion and a larger perivascular space were associated 
with lower SHM; therefore, hypertension may reduce 
the SHM volume via impaired glymphatic function. 
SHM volume reduction was more strongly associated 
with WMH than with age, and the pathophysiology of 
SHM may differ from that of VS and SF, which were 
most strongly associated with age. The background 
pathophysiology of WMH is heterogeneous [39]; there-
fore, future investigations of the pathophysiology of 
WMH that contributes to SHM volume reduction are 
warranted.

The main strength of this study is that it directly quan-
tified the CSF volume of all three DESH-related regions 
in a large sample of community-dwelling older individu-
als by using independently developed VBM software. The 
reliability of the data was high because the software has 
been used to study the pathology of iNPH and has been 
confirmed to accurately assess DESH [25, 26].

This study has some limitations. First, it was a cross-
sectional analysis; thus, the findings do not indicate a 
causal relationship between DESH-related regions and 
associated factors. Future longitudinal studies will be 
required for this purpose. Second, the participants in 
this study were older people (aged  ≥ 65  years); there-
fore, it remains unclear when DESH-like morphologi-
cal changes, especially SHM volume reduction, begin. 
Further research is needed to clarify this point. Third, 
we prepared VOI templates for high parietal convexity/
midline when using VBM software; therefore, how the 
subarachnoid space adjacent to other brain regions, such 
as the frontal lobe, changes with age is unclear. Finally, 
MRI was conducted using two different devices, and we 
included the scanner type in the multivariable regression 
analysis as a covariate to exclude the bias in the results.

Conclusions
The volume of high-convexity and medial subarachnoid 
spaces tends to decrease with age, and the human brain 
continuously progresses toward a DESH-like morphol-
ogy with aging in community-dwelling older persons. In 
addition, this morphological change is an important con-
dition associated with cognitive decline in older adults. 
DESH might be an accelerated aging stage; thus, more 
attention should be focused on CSF dynamics in the 
aging process. Developing methods to maintain normal 
CSF dynamics may improve brain health in older people.



Page 14 of 15Hidaka et al. Fluids and Barriers of the CNS           (2022) 19:82 

Abbreviations
AVIM: Asymptomatic ventriculomegaly with features of idiopathic normal-
pressure hydrocephalus on MRI; BMI: Body mass index; CSF: Cerebrospinal 
fluid; DESH: Disproportionately enlarged subarachnoid-space hydrocephalus; 
EI: Evans index; FLAIR: Fluid-attenuated inversion recovery; GM: Gray matter; 
HCTS: High-convexity tight sulci; iNPH: Idiopathic normal-pressure hydro-
cephalus; MCI: Mild cognitive impairment; MRI: Magnetic resonance imaging; 
MMSE: Mini-Mental State Examination; NC: Normal cognitive; SF: Sylvian fissure; 
SHM: Subarachnoid space at high convexity and midline; SWI: Susceptible 
weighting image; TUG : Timed up and go; VOI: Voxels of interest; VBM: Voxel-
based morphometry; VS: Ventricular system; WM: White matter; WMH: White 
matter hyperintensity.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12987- 022- 00381-5.

Additional file 1: Figure S1. Correlation of volumes of DESH-related 
regions with their visual assessments. Figure S2. Correlation among the 
volume of VS, SF, SHM and brain in individuals without DESH. Figure S3. 
Correlation between the volume of SHM and parietal cortices. Table S1. 
Details of dementia subtype. Table S2. The characteristics of the partici-
pants with severe gait disturbance. Table S3. The list of participants with 
unsuitable MRI for quantitative analysis. Table S4. Proportion of missing 
data for variables recorded in this study. Table S5. The list of brain regions 
whose volumes were calculated by FreeSurfer. Table S6. Comparison 
between characteristics of MCI group and cognitively normal group 
in individuals without DESH. Table S7. Association of volume of brain 
structures with age. Table S8. Results of hierarchical multiple regression 
analysis for MMSE with brain structures. Table S9. Results of hierarchical 
multiple regression analysis for TUG with brain structures.

Acknowledgements
The authors are deeply grateful to all participants and staff involved in this 
study. The authors thank the staff of Arao City, Arao Municipal Hospital, and 
Social Insurance Omuta Tenryo Hospital for their support, as well as Yasuko 
Tatewaki, Benjamin Thyreau, and Yasuyuki Taki for their advice regarding the 
image data analyzed using FreeSurfer. Additionally, the authors thank the 
members of the Department of Neuropsychiatry at Kumamoto University, as 
well as Editage (www. edita ge. com) for English language editing.

Author contributions
YH contributed to the study design, data collection, data analysis, and writing 
and revision of the manuscript. MH, RF, TI, NT, AK, KH, YM, and KY contributed 
to the study design, data collection, data analysis, and revision of the article. TS 
and KI contributed to the study design, data analysis, and manuscript revision. 
MI contributed to the study design, data collection, and revision of the manu-
script. SB and MT contributed to the study design and manuscript revision. All 
authors had the final responsibility for the decision to submit the manuscript 
for publication. All authors read and approved the final manuscript.

Funding
This work was supported by grants from the Japan Agency for 
Medical Research and Development (Tokyo, Japan; Grant No. 
JP16dk0207025h0001 and JP21dk0207056h0001) and the Japan Society for 
the Promotion of Science (Tokyo, Japan; Grant No. 21K03046). The funders of 
this study had no role in the study design, data collection, data analysis, data 
interpretation, or writing of this report.

Availability of data and materials
The raw data are not openly available to protect the confidentiality of the 
participants and to comply with the terms of participant consent. Requests 
related to the raw data should be addressed to the corresponding author.

Declarations

Ethics approval and consent to participate
This study was approved by the Research Ethics Committee of Kumamoto 
University (Kumamoto, Japan; approval number, GENOME-333). All partici-
pants provided written informed consent prior to data collection in accord-
ance with the Declaration of Helsinki.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Neuropsychiatry, Kumamoto University Hospital, Kumamoto, 
Japan. 2 Department of Neuropsychiatry, Faculty of Medicine, Kindai University, 
Osaka, Japan. 3 Department of Psychiatry, Osaka University Graduate School 
of Medicine, Osaka, Japan. 4 Department of Psychiatry, Kagoshima University 
Graduate School of Medical and Dental Sciences, Kagoshima, Japan. 5 Depart-
ment of Psychiatry, Arao Kokoronosato Hospital, Kumamoto, Japan. 6 Depart-
ment of Neuropsychiatry, Faculty of Life Sciences, Kumamoto University, 
Kumamoto, Japan. 7 Department of Geriatric Psychiatry, Mitsugumachi Clinic, 
Kumamoto, Japan. 8 Department of Rehabilitation and Physical Medicine, 
Kagoshima University Graduate School of Medical and Dental Sciences, 
Kagoshima, Japan. 9 Department of Radiology, Faculty of Medicine, Kindai 
University, Osaka, Japan. 

Received: 6 August 2022   Accepted: 13 October 2022

References
 1. Erten-Lyons D, Dodge HH, Woltjer R, Silbert LC, Howieson DB, Kramer 

P, et al. Neuropathologic basis of age-associated brain atrophy. JAMA 
Neurol. 2013;70:616–22. https:// doi. org/ 10. 1001/ jaman eurol. 2013. 1957.

 2. Iliff JJ, Wang M, Liao Y, Plogg BA, Peng W, Gundersen GA, et al. A paravas-
cular pathway facilitates CSF flow through the brain parenchyma and 
the clearance of interstitial solutes, including amyloid β. Sci Transl Med. 
2012;4:147111. https:// doi. org/ 10. 1126/ scitr anslm ed. 30037 48.

 3. Neuroscience NM. Garbage truck of the brain. Science. 2013;340:1529–30. 
https:// doi. org/ 10. 1126/ scien ce. 12405 14.

 4. Louveau A, Smirnov I, Keyes TJ, Eccles JD, Rouhani SJ, Peske JD, et al. 
Structural and functional features of central nervous system lymphatic 
vessels. Nature. 2015;523:337–41. https:// doi. org/ 10. 1038/ natur e14432.

 5. Da Mesquita S, Louveau A, Vaccari A, Smirnov I, Cornelison RC, Kingsmore 
KM, et al. Functional aspects of meningeal lymphatics in ageing and 
Alzheimer’s disease. Nature. 2018;560:185–91. https:// doi. org/ 10. 1038/ 
s41586- 018- 0368-8.

 6. Ahn JH, Cho H, Kim JH, Kim SH, Ham JS, Park I, et al. Meningeal lymphatic 
vessels at the skull base drain cerebrospinal fluid. Nature. 2019;572:62–6. 
https:// doi. org/ 10. 1038/ s41586- 019- 1419-5.

 7. Tarasoff-Conway JM, Carare RO, Osorio RS, Glodzik L, Butler T, Fieremans 
E, et al. Clearance systems in the brain-implications for Alzheimer disease. 
Nat Rev Neurol. 2015;11:457–70. https:// doi. org/ 10. 1038/ nrneu rol. 2015. 
119.

 8. Reeves BC, Karimy JK, Kundishora AJ, Mestre H, Cerci HM, Matouk C, et al. 
Glymphatic system impairment in Alzheimer’s disease and idiopathic 
normal pressure hydrocephalus. Trends Mol Med. 2020;26:285–95. 
https:// doi. org/ 10. 1016/j. molmed. 2019. 11. 008.

 9. Carlstrom LP, Eltanahy A, Perry A, Rabinstein AA, Elder BD, Morris JM, 
et al. A clinical primer for the glymphatic system. Brain. 2022;145:843–57. 
https:// doi. org/ 10. 1093/ brain/ awab4 28.

 10. Nakajima M, Yamada S, Miyajima M, Ishii K, Kuriyama N, Kazui H, et al. 
Guidelines for management of idiopathic normal pressure hydrocephalus 
(third edition): endorsed by the Japanese Society of Normal Pressure 
Hydrocephalus. Neurol Med Chir. 2021;61:63–97. https:// doi. org/ 10. 2176/ 
nmc. st. 2020- 0292.

https://doi.org/10.1186/s12987-022-00381-5
https://doi.org/10.1186/s12987-022-00381-5
http://www.editage.com
https://doi.org/10.1001/jamaneurol.2013.1957
https://doi.org/10.1126/scitranslmed.3003748
https://doi.org/10.1126/science.1240514
https://doi.org/10.1038/nature14432
https://doi.org/10.1038/s41586-018-0368-8
https://doi.org/10.1038/s41586-018-0368-8
https://doi.org/10.1038/s41586-019-1419-5
https://doi.org/10.1038/nrneurol.2015.119
https://doi.org/10.1038/nrneurol.2015.119
https://doi.org/10.1016/j.molmed.2019.11.008
https://doi.org/10.1093/brain/awab428
https://doi.org/10.2176/nmc.st.2020-0292
https://doi.org/10.2176/nmc.st.2020-0292


Page 15 of 15Hidaka et al. Fluids and Barriers of the CNS           (2022) 19:82  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 11. Hashimoto M, Ishikawa M, Mori E, Kuwana N, Study of INPH on neurologi-
cal improvement (SINPHONI). Diagnosis of idiopathic normal pressure 
hydrocephalus is supported by MRI-based scheme: a prospective cohort 
study. Cerebrospinal Fluid Res. 2010;7:18. https:// doi. org/ 10. 1186/ 
1743- 8454-7- 18.

 12. Kitagaki H, Mori E, Ishii K, Yamaji S, Hirono N, Imamura T. CSF spaces in 
idiopathic normal pressure hydrocephalus: morphology and volumetry. 
AJNR Am J Neuroradiol. 1998;19:1277–84.

 13. Akiba C, Gyanwali B, Villaraza S, Nakajima M, Miyajima M, Cheng CY, et al. 
The prevalence and clinical associations of disproportionately enlarged 
subarachnoid space hydrocephalus (DESH), an imaging feature of idi-
opathic normal pressure hydrocephalus in community and memory 
clinic based Singaporean cohorts. J Neurol Sci. 2020;408:116510. https:// 
doi. org/ 10. 1016/j. jns. 2019. 116510.

 14. Gunter NB, Schwarz CG, Graff-Radford J, Gunter JL, Jones DT, Graff-Rad-
ford NR, et al. Automated detection of imaging features of dispropor-
tionately enlarged subarachnoid space hydrocephalus using machine 
learning methods. NeuroImage Clin. 2019;21:101605. https:// doi. org/ 10. 
1016/j. nicl. 2018. 11. 015.

 15. Graff-Radford J, Gunter JL, Jones DT, et al. Cerebrospinal fluid dynamics 
disorders: relationship to Alzheimer biomarkers and cognition. Neurol-
ogy. 2019;93:e2237-46. https:// doi. org/ 10. 1212/ WNL. 00000 00000 008616.

 16. Cogswell PM, Weigand SD, Wiste HJ, Gunter JL, Graff-Radford J, Jones DT, 
et al. CSF dynamics as a predictor of cognitive progression. Neuroimage. 
2021;232: 117899. https:// doi. org/ 10. 1016/j. neuro image. 2021. 117899.

 17. Ninomiya T, Nakaji S, Maeda T, Yamada M, Mimura M, Nakashima K, et al. 
Study design and baseline characteristics of a population-based prospec-
tive cohort study of dementia in Japan: the Japan Prospective Studies 
Collaboration for Aging and Dementia (JPSC-AD). Environ Health Prev 
Med. 2020;25:64. https:// doi. org/ 10. 1186/ s12199- 020- 00903-3.

 18. Folstein MF, Folstein SE, McHugh PR. ‘Mini-mental state’. A practical 
method for grading the cognitive state of patients for the clinician. J 
Psychiatr Res. 1975;12:189–98. https:// doi. org/ 10. 1016/ 0022- 3956(75) 
90026-6.

 19. Spitzer RL. Values and assumptions in the development of DSM-III and 
DSM-III-R: an insider’s perspective and a belated response to Sadler, Hul-
gus, and Agich’s “on values in recent American psychiatric classification.” J 
Nerv Ment Dis. 2001;189:351–9. https:// doi. org/ 10. 1097/ 00005 053- 20010 
6000- 00002.

 20. Petersen RC, Stevens JC, Ganguli M, Tangalos EG, Cummings JL, DeKosky 
ST. Practice parameter: early detection of dementia: mild cognitive 
impairment (an evidence-based review). Report of the quality standards 
subcommittee of the American academy of neurology. Neurology. 
2001;56:1133–42. https:// doi. org/ 10. 1212/ wnl. 56.9. 1133.

 21. Podsiadlo D, Richardson S. The timed “UP & Go”: a test of basic functional 
mobility for frail elderly persons. J Am Geriatr Soc. 1991;39:142–8. https:// 
doi. org/ 10. 1111/j. 1532- 5415. 1991. tb016 16.x.

 22. Bischoff HA, Stähelin HB, Monsch AU, Iversen MD, Weyh A, von Dechend 
M, et al. Identifying a cut-off point for normal mobility: a comparison of 
the timed “up and go” test in community-dwelling and institutionalised 
elderly women. Age Ageing. 2003;32:315–20. https:// doi. org/ 10. 1093/ 
ageing/ 32.3. 315.

 23. Fazekas F, Chawluk JB, Alavi A, Hurtig HI, Zimmerman RA. MR signal 
abnormalities at 15 T in Alzheimer’s dementia and normal aging. AJR Am 
J Roentgenol. 1987;149:351–6. https:// doi. org/ 10. 2214/ ajr. 149.2. 351.

 24. Ishii K, Soma T, Kono AK, Sasaki H, Miyamoto N, Fukuda T, et al. Automatic 
volumetric measurement of segmented brain structures on magnetic 
resonance imaging. Radiat Med. 2006;24:422–30. https:// doi. org/ 10. 1007/ 
s11604- 006- 0048-8.

 25. Ishii K, Soma T, Shimada K, Oda H, Terashima A, Kawasaki R. Automatic 
volumetry of the cerebrospinal fluid space in idiopathic normal pressure 
hydrocephalus. Dement Geriatr Cogn Dis Extra. 2013;3:489–96. https:// 
doi. org/ 10. 1159/ 00035 7329.

 26. Suehiro T, Kazui H, Kanemoto H, Yoshiyama K, Sato S, Suzuki Y, et al. 
Changes in brain morphology in patients in the preclinical stage of idi-
opathic normal pressure hydrocephalus. Psychogeriatrics. 2019;19:557–
65. https:// doi. org/ 10. 1111/ psyg. 12445.

 27. Ishii K, Kawaguchi T, Shimada K, Ohkawa S, Miyamoto N, Kanda T, et al. 
Voxel-based analysis of gray matter and CSF space in idiopathic normal 
pressure hydrocephalus. Dement Geriatr Cogn Disord. 2008;25:329–35. 
https:// doi. org/ 10. 1159/ 00011 9521.

 28. Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Haselgrove C, et al. Whole 
brain segmentation: automated labeling of neuroanatomical structures 
in the human brain. Neuron. 2002;33:341–55. https:// doi. org/ 10. 1016/ 
s0896- 6273(02) 00569-x.

 29. Desikan RS, Ségonne F, Fischl B, Quinn BT, Dickerson BC, Blacker D, et al. 
An automated labeling system for subdividing the human cerebral 
cortex on MRI scans into gyral based regions of interest. Neuroimage. 
2006;31:968–80. https:// doi. org/ 10. 1016/j. neuro image. 2006. 01. 021.

 30. Machulda MM, Lundt ES, Albertson SM, Spychalla AJ, Schwarz CG, Mielke 
MM, et al. Cortical atrophy patterns of incident MCI subtypes in the Mayo 
clinic study of aging. Alzheimers Dement. 2020;16:1013–22. https:// doi. 
org/ 10. 1002/ alz. 12108.

 31. Bernard C, Helmer C, Dilharreguy B, Amieva H, Auriacombe S, Dartigues 
JF, et al. Time course of brain volume changes in the preclinical phase of 
Alzheimer’s disease. Alzheimers Dement. 2014;10:143-151.e1. https:// doi. 
org/ 10. 1016/j. jalz. 2013. 08. 279.

 32. Hiscox LV, Johnson CL, McGarry MDJ, Marshall H, Ritchie CW, van Beek 
EJR, et al. Mechanical property alterations across the cerebral cortex due 
to Alzheimer’s disease. Brain Commun. 2020;2:fcz049. https:// doi. org/ 10. 
1093/ brain comms/ fcz049.

 33. Jacobs HI, Van Boxtel MP, Jolles J, Verhey FR, Uylings HB. Parietal cortex 
matters in Alzheimer’s disease: an overview of structural, functional and 
metabolic findings. Neurosci Biobehav Rev. 2012;36:297–309. https:// doi. 
org/ 10. 1016/j. neubi orev. 2011. 06. 009.

 34. Chen Q, Przybelski SA, Senjem ML, Schwarz CG, Lesnick TG, Botha H, 
et al. Longitudinal tau positron emission tomography in dementia with 
Lewy bodies. Mov Disord. 2022;37:1256–64. https:// doi. org/ 10. 1002/ mds. 
28973.

 35. Iseki C, Kawanami T, Nagasawa H, Wada M, Koyama S, Kikuchi K, et al. 
Asymptomatic ventriculomegaly with features of idiopathic normal 
pressure hydrocephalus on MRI (AVIM) in the elderly: a prospective study 
in a Japanese population. J Neurol Sci. 2009;277:54–7. https:// doi. org/ 10. 
1016/j. jns. 2008. 10. 004.

 36. Kress BT, Iliff JJ, Xia M, Wang M, Wei HS, Zeppenfeld D, et al. Impairment 
of paravascular clearance pathways in the aging brain. Ann Neurol. 
2014;76:845–61. https:// doi. org/ 10. 1002/ ana. 24271.

 37. Aso T, Sugihara G, Murai T, Ubukata S, Urayama SI, Ueno T, et al. A venous 
mechanism of ventriculomegaly shared between traumatic brain injury 
and normal ageing. Brain. 2020;143:1843–56. https:// doi. org/ 10. 1093/ 
brain/ awaa1 25.

 38. Mestre H, Tithof J, Du T, Song W, Peng W, Sweeney AM, et al. Flow of 
cerebrospinal fluid is driven by arterial pulsations and is reduced in 
hypertension. Nat Commun. 2018;9:4878. https:// doi. org/ 10. 1038/ 
s41467- 018- 07318-3.

 39. Prins ND, Scheltens P. White matter hyperintensities, cognitive impair-
ment and dementia: an update. Nat Rev Neurol. 2015;11:157–65. https:// 
doi. org/ 10. 1038/ nrneu rol. 2015. 10.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1186/1743-8454-7-18
https://doi.org/10.1186/1743-8454-7-18
https://doi.org/10.1016/j.jns.2019.116510
https://doi.org/10.1016/j.jns.2019.116510
https://doi.org/10.1016/j.nicl.2018.11.015
https://doi.org/10.1016/j.nicl.2018.11.015
https://doi.org/10.1212/WNL.0000000000008616
https://doi.org/10.1016/j.neuroimage.2021.117899
https://doi.org/10.1186/s12199-020-00903-3
https://doi.org/10.1016/0022-3956(75)90026-6
https://doi.org/10.1016/0022-3956(75)90026-6
https://doi.org/10.1097/00005053-200106000-00002
https://doi.org/10.1097/00005053-200106000-00002
https://doi.org/10.1212/wnl.56.9.1133
https://doi.org/10.1111/j.1532-5415.1991.tb01616.x
https://doi.org/10.1111/j.1532-5415.1991.tb01616.x
https://doi.org/10.1093/ageing/32.3.315
https://doi.org/10.1093/ageing/32.3.315
https://doi.org/10.2214/ajr.149.2.351
https://doi.org/10.1007/s11604-006-0048-8
https://doi.org/10.1007/s11604-006-0048-8
https://doi.org/10.1159/000357329
https://doi.org/10.1159/000357329
https://doi.org/10.1111/psyg.12445
https://doi.org/10.1159/000119521
https://doi.org/10.1016/s0896-6273(02)00569-x
https://doi.org/10.1016/s0896-6273(02)00569-x
https://doi.org/10.1016/j.neuroimage.2006.01.021
https://doi.org/10.1002/alz.12108
https://doi.org/10.1002/alz.12108
https://doi.org/10.1016/j.jalz.2013.08.279
https://doi.org/10.1016/j.jalz.2013.08.279
https://doi.org/10.1093/braincomms/fcz049
https://doi.org/10.1093/braincomms/fcz049
https://doi.org/10.1016/j.neubiorev.2011.06.009
https://doi.org/10.1016/j.neubiorev.2011.06.009
https://doi.org/10.1002/mds.28973
https://doi.org/10.1002/mds.28973
https://doi.org/10.1016/j.jns.2008.10.004
https://doi.org/10.1016/j.jns.2008.10.004
https://doi.org/10.1002/ana.24271
https://doi.org/10.1093/brain/awaa125
https://doi.org/10.1093/brain/awaa125
https://doi.org/10.1038/s41467-018-07318-3
https://doi.org/10.1038/s41467-018-07318-3
https://doi.org/10.1038/nrneurol.2015.10
https://doi.org/10.1038/nrneurol.2015.10

	Impact of age on the cerebrospinal fluid spaces: high-convexity and medial subarachnoid spaces decrease with age
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Aim
	Study design and participants
	Standard protocol approvals, registrations, and patient consents

	Procedures
	Imaging and diagnoses
	Statistical analysis

	Results
	Discussion
	Conclusions
	Acknowledgements
	References




