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Purpose: The discovery of the glymphatic system, crucial for cerebrospinal and interstitial fluid exchange, has 
enhanced our grasp of brain protein balance and its potential role in neurodegenerative disease prevention and 
therapy. Detecting early neurodegenerative shifts via noninvasive biomarkers could be key in identifying at-risk 
individuals for Alzheimer’s disease (AD). Our research explores a diffusion tensor imaging (DTI) method that 
measures cortical mean diffusivity (cMD), potentially a more sensitive indicator of neurodegeneration than 
traditional macrostructural methods.
Materials and methods: We analyzed 67 post-traumatic stress disorder (PTSD)-diagnosed veterans from the Alz-
heimer’s Disease Neuroimaging Initiative database. Participants underwent structural MRI, DTI, Aβ PET imaging, 
and cognitive testing. We focused on the DTI-ALPS technique to assess glymphatic function and its relation to 
cMD, cortical Aβ accumulation, and thickness, accounting for age and APOE ε4 allele variations.
Results: The cohort, all male with an average age of 68.1 (SD 3.4), showed a strong inverse correlation between 
DTI-ALPS and cMD in AD-affected regions, especially in the entorhinal, parahippocampal, and fusiform areas. 
Higher DTI-ALPS readings were consistently linked with greater cortical thickness, independent of Aβ deposits 
and genetic risk factors. Age and cMD emerged as inversely proportional predictors of DTI-ALPS, indicating a 
complex interaction with age.
Conclusion: The study confirms a meaningful association between glymphatic efficiency and cMD in AD-sensitive 
zones, accentuating cortical microstructural alterations in PTSD. It positions DTI-ALPS as a viable biomarker for 
assessing glymphatic function in PTSD, implicating changes in DTI-ALPS as indicative of glymphatic impairment.

1. Introduction

1.1. Glossary

Aβ amyloid-beta
ADNI Alzheimer’s Disease Neuroimaging Initiative
CDR-SB Clinical Dementia Rating Scale Sum of Boxes
cMD cortical mean diffusivity
DTI diffusion tensor imaging
DTI-ALPS diffusion tensor image analysis along the perivascular space
FA fractional anisotropy

(continued on next column)

(continued )

MD mean diffusivity
FSL FMRIB Software Library 6.0.5
ISF interstitial fluid
MMSE Mini-Mental State Examination
PVS perivascular space
ROI region of interest
SUVR standardized uptake value ratio

Post-traumatic stress disorder (PTSD) is a psychiatric disorder that 
may arise following a traumatic experience, such as military combat 
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(Dohrenwend et al., 2006). Recently, an association was found between 
PTSD-associated cognitive decline and subsequent Alzheimer’s disease 
(AD) (Song et al., 2020; Roberts et al., 2022). The neuropathology of AD 
is identified by the accumulation of amyloid-β (Aβ) and tau in the brain 
(Busche and Hyman, 2020). Therefore, it is crucial that the brain pos-
sesses its own mechanism for Aβ and tau clearance. While deposition in 
peripheral tissues is cleared via the lymphatic veins, the central nervous 
system (CNS) lacks a traditional lymphatic system (Aukland and Reed, 
1993).

Recent studies have demonstrated the existence of a CNS “waste 
clearance” system, termed as the glymphatic system, which stimulates 
the recycling of cerebrospinal fluid (CSF) through the brain parenchyma 
and facilitates the clearance of extracellular solutes including Aβ and 
tau. (Iliff et al., 2013; Kress et al., 2014; Iliff et al., 2012) In this 
framework, CSF enters the brain interstitial space from the periarterial 
space via the astrocytic aquaporin 4-dependent (AQP-4) pathway and 
subsequently combines with interstitial fluid (ISF) and waste solutes in 
the brain (Zeppenfeld et al., 2017). The CSF and interstitial fluid sub-
sequently move into the venous perivascular spaces (PVS), causing 
interstitial fluid flow across the brain parenchyma, thereby removing 
metabolic waste (Iliff et al., 2012).

Compromised glymphatic and lymphatic drainage systems observed 
with aging are involved in the accumulation of insoluble tau and Aβ 
proteins, which contribute to underlying disease processes in neurode-
generative disorders such as AD (Taoka et al., 2017). Recent studies 
have demonstrated that magnetic resonance imaging (MRI) can be used 
to measure glymphatic functions, with the majority of these in-
vestigations utilizing MRI-tracer-based contrast agents, including gad-
olinium (Taoka and Naganawa, 2020). However, both intravenous and 
intrathecal contrast injections are invasive. Despite the growing un-
derstanding of glymphatic physiology and pathology, the paucity of 
non-invasive imaging tools for quantifying glymphatic function hinders 
the in vivo assessment of glymphatic function (Taoka and Naganawa, 
2020).

However, diffusion along the PVS can be assessed using diffusion 
tensor imaging (DTI) at lower field strengths (Taoka et al., 2017; Taoka 
et al., 2022; Carotenuto et al., 2022). Diffusion tensor image analysis 
along the perivascular space (DTI-ALPS) index has been proposed as a 
less invasive alternative for evaluating glymphatic function (Taoka 
et al., 2017). In brief, this index is determined from the diffusivity along 
the deep medullary veins at the level of the lateral ventricles, as an in-
dicator of perivascular clearance activity in brain. Recent research re-
ported a significant correlation between DTI-ALPS and Mini-Mental 
State Examination (MMSE) scores in AD and mild cognitive impairment 
(MCI) (Taoka et al., 2017; Kamagata et al., 2022). The DTI-ALPS index 
has also been observed to decrease with aging in a number of neuro-
degenerative disorders, such as AD (Kamagata et al., 2022) and Par-
kinson’s disease (McKnight et al., 2021; Ma et al., 2021), compared with 
healthy participants, ut no study to date has explored this question in 
adults with PTSD.

Although neurodegeneration is typically indicated in macrostruc-
tural alterations, such as cortical thinning as determined by structural 
MRI, a recent DTI technique, namely cortical mean diffusivity (cMD), 
has made it possible to evaluate the microstructural features of the gray 
matter (Montal et al., 2018; Illán-Gala et al., 2019; Rodriguez et al., 
2021). The increase in cMD reflects the early disruption of microstruc-
tures resulting from damage to cell membranes and dendrites (Weston 
et al., 2015). Consequently, cMD is a sensitive indicator of cortical 
microstructural changes that occur before detectable cortical atrophy 
(Illán-Gala et al., 2019). Recent cross-sectional investigations have 
found elevated cMD levels in the prodromal and dementia stages of 
sporadic AD (Montal et al., 2018). Higher cMD has also been shown in 
AD-signature regions at pathogenic levels of CSF Aβ during the pre- 
dementia stages of AD (Rodriguez et al., 2021). However, whether 
DTI-ALPS is associated with cMD and cortical Aβ deposition remains 
unclear.

Correspondingly, we applied our hypothesis-driven targeted 
approach to examine the relationships between DTI-ALPS, cMD, and 
cortical Aβ deposition in a cohort of men with PTSD in relation to 
neuropsychological tests. We acknowledge the importance of including 
both Mean MD and FA in DTI analysis. The decision to focus solely on 
MD was based on the specific characteristics of our study population and 
recent research. MD provides a more generalized measure of cortical 
diffusion that is sensitive to microstructural changes in cerebral cortex. 
Notably, we used surface-based analyses to inspect the main and inter-
active effects of cMD and cortical Aβ deposition on DTI-ALPS, followed 
by targeted region of interest (ROI) analyses in AD-vulnerable regions to 
further confirm their relationships. Additionally, we examined the as-
sociations of DTI-ALPS with age, neuropsychological scores, and cortical 
thickness.

2. Methods

2.1. Study design and participants

The study sample comprised of PTSD veterans from the Brain Aging 
in Vietnam War Veterans/Department of Defense Alzheimer’s Disease 
Neuroimaging Initiative (DOD-ADNI) database (adni.loni.usc.edu). A 
longitudinal observational study to characterize the long-term neural 
and behavioral consequences of post-traumatic stress disorder (PTSD) 
and/or TBI was carried out. For this study, subjects underwent concur-
rent T1-weighted MRI, DTI, and [18F]AV45 PET imaging data were 
selected. All assessments were completed within one year of the T1- 
weighted MRI scan being taken. Using these inclusion criteria, we ob-
tained a set of participants, all of whom were diagnosed with PTSD using 
the clinician-administered PTSD scale (CAPS) within DSM-IV (CAPS 
score > 40). Information on exclusion criteria, and neuropsychological 
evaluations can be found in the DOD-ADNI database (adni.loni.usc.edu).

2.2. MRI acquisition and processing

All participants underwent a structural three-dimensional T1- 
weighted spoiled gradient-echo or a magnetization-prepared rapid 
acquisition with gradient-echo sequence, as well as a DTI sequence on a 
3-Tesla scanner using axial spin-echo sequence (detailed acquisition 
parameters in Supplementary Materials).

In summary, all individuals underwent a T1-weighted scan with a 
resolution of 1× 1 × 1.2 mm3 voxels. Scans containing artifacts were 
eliminated. Images were processed using FreeSurfer (http://surfer.nmr. 
mgh.harvard.edu, v7.2), normalized to a T1 native surface space, and 
smoothed with a Gaussian kernel of 15 mm for statistical analysis, as is 
customary for cortical thickness assessments (Fischl and Dale, 2000).

2.3. Cortical mean diffusivity processing

As previously reported, we estimated cortical mean diffusivity using 
a surface-based in-house methodology. DTI images were preprocessed 
using QSIPrep (v0.15.2), which is a containerized pipeline that com-
bines methods from different software and performs important pre-
treatment steps with the best tools in the field (Cieslak et al., 2021). 
After N4BiasFieldCorrection, denoising, correction of head motion, eddy 
currents, and susceptibility distortions, we computed the mean diffu-
sivity metric by fitting a tensor model with the dtifit command in the FSL 
(FMRIB Software Library) (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki, v6.0.5). 
Subsequently, a b = 0 image was registered to a skull-stripped T1- 
weighted image with a boundary-based algorithm using a bbregister (as 
implemented in FreeSurfer) (Greve and Fischl, 2009). This method 
accurately registers b0 and T1-weighted images using FreeSurfer’s 
precise segmentation of the white matter and pial surfaces. To create 
individual cortical mean diffusivity maps, each participant’s mean 
diffusivity volume was sampled at the midpoint of the cortical ribbon 
and projected it onto each surface that had already been reconstructed 
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during FreeSurfer processing with the mri_vol2surf command. This 
surface-based method employs recently developed strategies (Coalson 
et al., 2018; Rodriguez et al., 2021; Montal et al., 2018) to overcome the 
disadvantages of conventional voxel-based methods. First, it diminishes 
the influence of white matter and CSF signals on gray matter voxels, 
which will distort cMD measurements (Jones et al., 2005). Second, a 
surface vertex-based smoothing approach is utilized, which is less 
susceptive to the smoothing kernel size than voxel-based analysis 
(Coalson et al., 2018).

For statistical analyses, all individual cortical mean diffusivity maps 
were accurately inter-participant matched to a T1 native surface using 

spherical registration. Across the cortical mantle, we employed a 15-mm 
two-dimensional full-width half-maximum Gaussian kernel, which is 
consistent with previous studies on cortical mean diffusivity. The 
detailed research steps are shown in Fig. 1A.

2.4. DTI analysis along the perivascular space

Individual glymphatic functions were assessed using the DTI-ALPS 
approach (Taoka et al., 2017). The ALPS technique excels in 
measuring water diffusivity within perivascular spaces, essential path-
ways for glymphatic circulation. Unlike conventional DTI metrics that 

Fig. 1. A. cMD and cortical Aβ PET SUVR pipeline. MD and Aβ PET SUVR volumes were coregistered to the anatomic subject space, projected to the T1 surface. B. 
MRI processing method for DTI-ALPS calculation. To calculate DTI-ALPS index we first define two ROIs where veins run perpendicular to lateral ventricle using the 
color-coded FA map in MNI space, two 1 × 1 × 1 mm3 regions of interest were chosen: one over the area of projection fibers and the other over the area of associative 
fibers in the bilateral hemispheres. Regions of interest were then registered to the T1 space using the FA map to T1 registration matrix. Then, diffusivities along the x-, 
y-, and z-axes were extracted for each region of interest. DTI-ALPS was calculated as the ratio of diffusivities perpendicular to fibre bundles and parallel to veins (Dx 
proj and Dx assoc) over diffusivities perpendicular to fibre bundles and perpendicular to veins (Dy proj and Dz assoc). Aβ amyloid-beta, cMD cortical mean diffusivity, 
DTI-ALPS Diffusion along the perivascular space, FA fractional anisotropy, SUVR standardized uptake value ratio.
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may not specifically target these structures, the DTI-ALPS approach 
provides a precise measure of perivascular space integrity. This preci-
sion is crucial given the emerging evidence linking impaired glymphatic 
function to neurodegenerative conditions. Therefore, DTI-ALPS offers a 
highly sensitive and focused tool for assessing the functional status of 
the perivascular spaces, enhancing our understanding of glymphatic 
system dynamics and its potential disruptions in neurological diseases. 
This approach analyzes arterial PVS diffusivity on axial slices at the 
plane of the lateral ventricle bodies. Values are generated using the 
frame of reference created by diffusion tensor eigenvectors and related 
eigenvalues. The PVS is nearly perpendicular to both the association and 
projection fibers. It is represented by the main discrepancies between 
the x-axis diffusivity in both fibers and the diffusivity perpendicular to 
both the x-axis and the direction of the fibre tracts. The DTI-ALPS index 
was determined as the ratio between water diffusivity parallel to vessels 
(Dx proj and Dx assoc) and the diffusivities perpendicular to the white 
matter tracts (Dy proj and Dz assoc) (Taoka et al., 2017). The following 
formula was used to calculate the DTI-ALPS index (Taoka et al., 2017): 

DTI − ALPS =
mean(Dx proj,Dx assoc)
mean(Dy proj,Dz assoc)

Automatic placement of ROIs (T1 space): We calculated the DTI- 
APLS using two bilateral 1 × 1 × 1 mm3 ROI placements as recent 
research has shown this method yields higher reproducibility (Taoka 
et al., 2022). The two ROIs were automatically placed along the peri-
vascular gap placed on the bilateral association (superior longitudinal 
fasciculus) and projection (superior and posterior corona radiata) in 
MNI (Montreal Neurological Institute) standard space. From MNI stan-
dard space, all ROIs were subsequently registered in T1 space by 
exerting the nonlinear Human Connectome Project (HCP) 1065 frac-
tional anisotropy (FA) template to T1 space transformation obtained 
from the antsRegistrationSyNQuick.sh command of the Automatic 
Normalization Tools (ANTS, http://stnava.github.io/ANTs. v2.2.0). 
Finally, ROIs were registered to the subject T1 space by using standard 
FA to the T1 space transformation. To ensure optimal alignment with the 
perivascular gap, this process involved adjusting the coordinates based 
on the individual’s anatomical variations and confirming the placement 
through visual inspection by two independent raters to ensure accuracy 
and consistency. The comprehensive analysis procedure is illustrated in 
Fig. 1B.

2.5. PET acquisition and processing

Amyloid PET scans were obtained using the radioligand [18F]AV45, 
which binds to amyloid plaques (acquisition parameters are specified in 
Supplementary Materials). Primary amyloid PET image analysis was 
performed in all participants. Motion correction was performed using 
the mc-afni2 command in PetSurfer (Greve et al., 2014). The motion- 
corrected PET volumes were averaged to create a mean PET image file 
for each participant. Prior to quantification, the mean individual PET 
volume was co-registered to each individual’s native T1 space using 
mri_coreg command in FreeSurfer. Amyloid-PET images were then 
quantified using cerebellar gray matter as a reference to obtain a partial 
volume-corrected (PVC) (Greve et al., 2016) standardized uptake value 
ratio (SUVR), which was projected onto an individual’s cortical surface.

2.6. AD signature regions processing

To compare the effects of cMD and cortical Aβ PET SUVR within the 
same brain regions, six AD-vulnerable ROIs were created using the 
Desikan atlas (Desikan et al., 2006) in native T1 spaces, which included 
the bilateral entorhinal, parahippocampal, fusiform, inferior-temporal, 
middle-temporal, and orbito-frontal gyri. Using data-driven, postmor-
tem (Braak and Braak, 1991), and in vivo staging techniques, these re-
gions of interest (ROI) are typically characterized as sensitive to cortical 
thinning (Schwarz et al., 2016), cMD alternation (Montal et al., 2018), 

and Aβ aggregation (Sepulcre et al., 2017; Tosun et al., 2017). Then, 
cMD diffusivity and cortical Aβ were extracted from these AD signature 
ROIs.

2.7. Statistical analysis

Surface vertex-based analyses: To determine the associations of Aβ 
PET SUVR, cortical microstructure and cortical thickness with DTI- 
ALPS, we performed a vertex-wise partial correlation analysis between 
cMD, cortical Aβ, and DTI-APLS. Age and APOE ε4 status were cova-
riates. To avoid false positives, a Monte Carlo simulation with 10,000 
repetitions (family wise error [FWE], P < 0.05) was used. The Supple-
mentary data contains further information.

The ability of localized cMD and cortical Aβ burden to predict DTI- 
APLS was independently evaluated using regional multivariable 
regression. We used univariate linear regression to model the associa-
tions between DTI-ALPS and participant characteristics as well as the 
time of day when MRI scans, cMD, and Aβ PET were performed. The 
main effects linear regression model included DTI-ALPS as an indepen-
dent variable according to the following formula: 

DTI − ALPS = β0 + β1*Age+ β2*APOE ε4+ β3*cMD 

+ β4*cortical Aβ PET SUVR+ ε.

In addition, models were generated to detect the interaction between 
regional cMD and cortical Aβ burden in predicting DTI-ALPS and their 
respective independent contributions.

When comparing the statistical fit of several models using the Akaike 
information criterion (AIC) and R (Song et al., 2020), the lowest AIC 
value implies a better fit. All models included APOE ε4 status and age as 
covariates.

3. Results

3.1. Participant characteristics

We included 86 patients with PTSD. Six participants were excluded 
from the study due to having an unknown APOE ε4 status. Of the 80 
participants, 74 (92.5 %) completed MRI and [18F]AV45 PET imaging. A 
total of 5 participants (93.2 %) did not undergo comprehensive neuro-
psychological testing and were excluded from the study. Two partici-
pants had registration failures found during pre-processing of MRI and 
were also excluded. Following imaging processing and quality control, 
data from 67 male participants (mean age of 68.1 ± 3.4 years [years ±
SD]) were available for DTI-ALPS analysis (flowchart in Fig. 2). The 
demographic, clinical, and neuropsychological characteristics of the 
participants are summarized in Table 1.

3.2. Partial correlation analyses between DTI-ALPS, cMD, and cortical 
Aβ PET SUVR

3.2.1. Whole-brain vertex-wise analyses
The associations of DTI-ALPS with vertex-wise cMD were localized in 

the parahippocampal, fusiform, and lingual gyri in the bilateral hemi-
sphere and in the entorhinal cortex in the right hemisphere (Fig. 3A). 
These relationships were verifid when ROI-based analyses were per-
formed on bilateral cMD ROIs (Table S1). Entorhinal cMD had the 
strongest negative association with DTI-ALPS, with the regression 
models accounting for approximately 31 % of the total variance in DTI- 
ALPS (Std. β = − 9.83, 95 % CI -10.73 to − 8.94, P = 0.00023; Table S1). 
No significant partial correlation was found between DTI-ALPS and 
vertex-wise cortical Aβ PET SUVR (Fig. 3B). When ROI-based analyses 
were applied to bilateral cortical Aβ PET SUVR, no correlations were 
shown with DTI-ALPS (not shown). APOE ε4 status and age were taken 
into account in partial correlation analyses. All the analyses are adjusted 
by age and APOE ε4 status.
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3.2.2. AD signature regions analyses
DTI-ALPS was significantly negatively correlated with cMD in all 

participants in the AD signature regions, especially in the entorhinal, 
parahippocampal, and fusiform gyri (Fig. 4). Here are ROI-based scat-
terplots for the entorhinal, parahippocampal, and fusiform regions. 
(Fig. 4). Age was also found to have a substantial negative connection 
with DTI-ALPS in the entorhinal and parahippocampal gyri (Fig. 4A and 
B). There was an observational significant interaction between age and 
regional cMD in predicting DTI-ALPS, as shown in Fig. 4A and Fig. 4B, 
for cMD in the entorhinal and parahippocampal regions, respectively. 
The individual terms for regional cMD (entorhinal and para-
hippocampal) remained significant independent predictors of DTI-ALPS 
in these interaction models. (Table 2). These findings were confirmed in 
the subsequent ROI analysis (Table 2). Entorhinal cMD had the strongest 
negative relationship with DTI-ALPS, contributing to approximately 30 
% of the overall variance in DTI-ALPS (Std. β = − 10.02, 95 % CI -10.93 
to − 9.11, P = 0.00021; Table 2). Parahippocampal cMD showed the 
strongest negative relationship with DTI-ALPS, accounting for approxi-
mately 26 % of the total variance in DTI-ALPS (Std. β = − 6.87, 95 % CI 
-7.83 to − 5.91, P = 0.00064; Table 2). We noticed an obvious interac-
tion between cMD and age for predicting DTI-ALPS, which was signifi-
cant in the entorhinal (Std. β = 11.91, 95 % CI 11.89 to 11.92, P =
0.00038; Table 2) and parahippocampal regions (Std. β = 8.52, 95 % CI 
8.43 to 11.24, P = 0.01; Table 2). Cortical PET SUVR and cMD did not 
interact significantly in predicting DTI-ALPS (data not shown). There 
was no predictive value for DTI-ALPS in the inferior-temporal, middle- 

temporal, or orbitofrontal gyri for any of these regional cMD values.

3.3. Associations between DTI-ALPS and cortical thickness

After removing the effects APOE ε4 status and age, we found that 
higher a DTI-ALPS was associated with a higher cortical thickness, 
mainly in the left entorhinal gyrus, parahippocampal gyrus, and fusi-
form gyrus (Fig. S1).

4. Discussion

In this study, we used a non-invasive diffusion-derived MRI index of 
diffusivity along the PVS, called the DTI-ALPS, to investigate in vivo 
glymphatic system function in a cohort of PTSD veterans. First, we 
showed that advancing age and higher regional cMD, but not regional 
Aβ PET SUVR, were independent factors associated with lower glym-
phatic dysfunction as reflected by the DTI-ALPS index. Second, we 
noticed a evident interaction between cMD and age in predicting the 
DTI-ALPS. Third, we found that a lower DTI-ALPS index was closely 
related to lower cortical thickness and impaired neuropsychological test 
performance, even when age and APOE ε4 status were considered, 
possibly due to impaired glymphatic system functioning.

Using a surface-based approach we identified, for the first time, a 
significant negative correlation between DTI-ALPS and cMD in PTSD 
veterans. Previous studies have proposed that the glymphatic system 
may provide a clearance mechanism for protein species, such as Aβ and 

Fig. 2. Flow Chart of the Inclusion Process. n, number of patients.
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tau, which accumulate in the brain in AD (Zeppenfeld et al., 2017; 
Harrison et al., 2020). The poor performance of this system raises the 
possibility that decreased glycolytic clearance contributes to the sus-
ceptibility of the aging brain to aberrant protein accumulation (Kress 
et al., 2014). Meanwhile, cMD is a more sensitive novel biomarker than 
cortical thickness for the early detection of neurodegeneration-related 
microstructural changes in diseases such as AD and frontotemporal de-
mentia (Montal et al., 2018; Illán-Gala et al., 2019). It can also be a 
standalone predictor of cognitive impairment, neurodegeneration, and 
clinical aggravation in older adults (Rodriguez et al., 2021). The AD 

regional signature cMD was able to predict DTI-ALPS significantly after 
adjusting for regional Aβ burden, age, and APOE ε4 status. Considering 
its correlation with cortical thickness, it indicates a close correlation 
between DTI-ALPS and cMD. Moreover, cMD can independently explain 
the variance in DTI-ALPS beyond traditional imaging biomarkers. 
Importantly, the regions where higher cMD was predictive of decreased 
DTI-ALPS, independent of Aβ PET SUVR, were consistent with regions 
experiencing early tau aggregation and deposition (transentorhinal and 
limbic regions), which was in line with Braak and Braak (Braak and 
Braak, 1997) stages I–II or Delacourte (Delacourte et al., 1999) stages 
1–3. Taking into account previous studies, our research confirms the 
hypothesis that cMD is an early biomarker of DTI-ALPS and that tau 
driven synaptic disfunction precedes apparent neuronal damage and 
cortical thinning. Higher cMD without cortical thinning may indicate 
slightly earlier DTI-ALPS and microstructural impairment in response to 
tau (Villemagne et al., 2015). This results in synaptic dysfunction and 
toxicity that occurs prior to neuronal necrosis, as proved by preclinical 
research as well as deposition of other protein oligomers (Busche and 
Hyman, 2020). Our observations showed no correlation between DTI- 
ALPS scores and the severity of cortical Aβ deposition. Multiple find-
ings have demonstrated Aβ aggregation alone is clearly insufficient to 
cause symptoms of AD (Chételat et al., 2013; Sperling et al., 2011), and 
current research has confirmed that both Aβ and tau are essential for 
cognitive impairment in healthy participants (Betthauser et al., 2020; 
Jack et al., 2019). The lack of a significant correlation between DTI- 
ALPS and cortical Aβ deposition in our study aligns with the under-
standing that Aβ alone may not be sufficient to drive cerebral impair-
ment. Instead, our findings suggest that cMD, as an early marker of 
microstructural changes, is more closely related to tau pathology, which 
precedes observable neuronal damage and cortical thinning. Regions 
with higher cMD, independent of Aβ burden, correspond to areas of 
early tau aggregation, indicating that cMD might be an early indicator of 
tau-related dysfunction. This supports the view that tau-driven synaptic 
dysfunction, rather than Aβ deposition, plays a more critical role in the 
progression of neurodegeneration observed in PTSD and other neuro-
degenerative conditions. However, no studies have examined the risk of 
cortical amyloid-β deposition in DTI-ALPS. Future longitudinal studies 
are needed to clarify this potential association.

Our results confirm a significant correlation between DTI-ALPS and 
age, as revealed through the independent cohorts. The relationship be-
tween advancing age and DTI-ALPS has already been demonstrated in 
several cohorts of community-dwelling older adults (Siow et al., 2022), 
in different stages of Parkinson’s disease (McKnight et al., 2021; Ma 

Table 1 
Demographic and laboratory characteristics of 67 participants.

Characteristics Values

Demographic
Age (years) 68.1 (3.4)
Education (years) 14.4 (2.4)
Sex (male) 67 (100 %)

Clinical
APOE ε4 status

Negative 53 (79.1 %)
Positive 14 (20.9 %)

Clinician-administered PTSD scale scores
Current 57.3 (13.1)
Life 74.0 (18.5)

Neuropsychological Performance
ADAS-Cog 12.9 (4.0)
CDR-SB 0.2 (0.3)
CES 24.2 (10.1)
MoCA 25.2 (2.3)
MMSE 28.0 (1.6)
GDS 4.3 (3.2)
ECog Memory 2.3 (0.7)
ECog Language 2.1 (0.8)
ECog Spatial Visual 1.5 (0.6)
ECog Plan 1.7 (0.9)
ECog Organize 2.0 (1.0)
ECog Divide Attention 2.1 (0.9)
ECog total 2.0 (0.7)

Glymphatic Function
DTI-ALPS 1.3 (0.2)

ADAS-Cog = cognitive subscale of the Alzheimer’s Disease Assessment Scale; 
APOE = apolipoprotein; CDR-SB = Clinical Dementia Rating Scale Sum of 
Boxes; CES = Combat Exposure Score; DTI-ALPS = diffusion tensor image 
analysis along the perivascular space; ECog = Everyday Cognition; GDS =
Geriatric Depression Scale; MoCA = Montreal Cognitive Assessment; MMSE 
= Mini Mental State Exam.

Fig. 3. Associations of DTI-ALPS with whole brain vertex-wise cMD. A Surface-based statistical map of clusters with significant association between DTI-ALPS and 
vertex-wise cMD. Clusters survived multiple comparison correction by employing a cluster extension requirement in a Monte Carlo simulation with 10,000 iterations. 
B No significant partial correlation was noted between DTI-ALPS and vertex-wise cortical Aβ PET SUVR. All the analyses are adjusted by age and APOE ε4 status. Aβ 
amyloid-beta, cMD cortical mean diffusivity, DTI-ALPS diffusion tensor imaging-analysis along the perivascular space, SUVR standardized uptake value ratio.
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Fig. 4. Associations of DTI-ALPS with cMD and age. A. Association of DTI-ALPS with cMD and age and the significant interaction between entorhinal cMD and age. 
B. The relationship between DTI-ALPS and parahippocampal cMD and the significant interaction between parahippocampal cMD and age. C. The correlation between 
DTI-ALPS and fusiform cMD. All the correlation analyses were adjusted for APOE ε4 status. cMD cortical mean diffusivity, DTI-ALPS diffusion tensor imaging-analysis 
along the perivascular space.
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et al., 2021), and in newly diagnosed focal epilepsy (Lee et al., 2022). 
These results are consistent with our study showing that advancing age 
correlates with the deterioration of glymphatic function, suggesting that 
other age-related alterations may be involved. Studies investigating the 
glymphatic system in aged mice revealed that loss of perivascular AQP4 
polarization and decreased vascular wall pulsatility may lead to 
impaired Aβ clearance and inefficient exchange between the subarach-
noid CSF and brain parenchyma (Kress et al., 2014). This could explain 
the independent relationship between age and decreased DTI-ALPS 
scores reported in our study.

The current study suggests that the interaction between cMD and age 
may play a role in DTI-ALPS degradation. Specifically, we observed that 
greater cMD was associated with lower DTI-ALPS but only with age. One 
possible explanation is that this cohort comprised individuals within a 
narrow age range and lacked a group comprising younger individuals. 
This suggests that for older individuals with PTSD, cMD may serve as a 
potential marker for identifying participants at an increased risk of DTI- 
ALPS deterioration and progression of clinical symptoms, which may be 
useful for preventative trials.

Our findings from the gray matter cortical thickness analyses were 
consistent with the relationships between DTI-ALPS and neuropsycho-
logical test scores. Significant correlations between lower DTI-ALPS and 
greater gray matter cortical thickness were observed in several brain 
regions known to be involved in cognitive processing (e.g., the ento-
rhinal, parahippocampal, fusiform, and inferior temporal gyri). A recent 
study involving Aβ and tau-specific PET tracers found that in in vivo 
entorhinal and parahippocampal gyri, tau deposition is related with the 
performance of episodic memory and medial temporal lobe atrophy in 
cognitively healthy individuals independent of Aβ (Maass et al., 2018). 
Moreover, the DTI-ALPS index is a valuable biomarker for assessing tau 
deposition (Ota et al., 2022). Consistent with this insight, our findings 
indicate that the entorhinal and parahippocampal gyri are vulnerable to 
glymphatic dysfunction.

Our analysis revealed that cMD exhibited a broader range and more 
significant changes compared to cortical thickness. Specifically, higher 
cMD values, as measured by DTI-ALPS, were more consistently and 
significantly associated with areas of the brain exhibiting neurodegen-
erative changes. In contrast, the changes in cortical thickness were less 
pronounced and showed a narrower range of statistical significance. 
Importantly, we found that changes in cMD identified by DTI-ALPS not 
only corresponded with regions showing altered cortical thickness but 
also extended to more extensive bilateral symmetrical areas. This in-
dicates that cMD changes reflect a more comprehensive pattern of 
microstructural alterations compared to cortical thickness alone.

This study has several limitations. First, it is challenging to determine 
the timing of the structural changes in the brain that accompany PTSD 
because of the intensity of the initial trauma and the age at which the 
symptoms first appear. Second, our research is cross-sectional; hence, it 
lacks longitudinal data on DTI-ALPS temporal changes, cMD alterna-
tions, rate of Aβ deposition, and changes in cognitive performance over 
time. Third, DTI-ALPS cannot assess whole-brain glymphatic perfor-
mance; it relies on the projection of the lateral ventricular body and 
orthogonal geometric correlation between the connecting fibers, med-
ullary arteries, and veins. Finally, its cross-sectional design prevented us 
from drawing any conclusions on the dynamics of glymphatic impair-
ment in PTSD and the temporal definition of the interaction among 
glymphatic system impairment, cortical microstructural abnormalities, 
and cortical Aβ deposition. Longitudinal investigative studies should 
strongly be advocated to explore the potential usefulness of glymphatic 
function evaluation as a biomarker of illness development in progressive 
disease stages.

Our analyses implicate aging and cMD in PTSD glymphatic function 
by revealing that advancing age and higher cMD are independent vari-
ables that correspond to a lower DTI-ALPS index. However, additional 
studies are required to validate this DTI-ALPS approach. Our research 
also found relationships between impaired DTI-ALPS and reduced gray 
matter cortical thickness, suggesting that DTI-ALPS may serve as a 
biomarker for detecting and monitoring cognitive impairment in PTSD. 
Our results suggest a strong relationship between glymphatic function, 
aging, cMD, and cognition. Further research is required to clarify the 
pathophysiological correlates and clinical significance of this finding.
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Table 2 
Multivariable regression models predicting the DTI-ALPS.

Indep. pred. Std. β (95 % CI) P value R2(AIC)

DTI-ALPS ~ Age + ApoE4 + Entorhinal cMD + Entorhinal Aβ-PET SUVR +
Age*Entorhinal cMD

Age − 5.20 (− 5.34 to 
− 5.07)

3.34 ×
10− 4

0.30 
(− 62.21)

APOE ε4 (+) − 0.20 (− 0.29 to 
− 0.11)

6.88 ×
10− 2

Entorhinal cMD − 10.02 (− 10.93 to 
− 9.11)

2.14 ×
10− 4

Entorhinal Aβ-PET SUVR − 0.08 (− 0.26 to 0.10) 0.48
Age*Entorhinal cMD 11.91 (11.89 to 11.92) 3.80 ×

10− 4

DTI-ALPS ~ Age + ApoE4 + Entorhinal cMD + Entorhinal Aβ-PET SUVR
Age − 0.07 (− 0.08 to 

− 0.06)
0.56 0.16 

(− 50.22)
APOE ε4 (+) − 0.20 (− 0.31 to 

− 0.11)
8.88 ×
10− 2

Entorhinal cMD − 0.45 (− 5.02 to 4.11) 7.61×
10− 4

Entorhinal Aβ-PET SUVR − 0.04 (− 0.24 to 0.15) 0.73

DTI-ALPS ~ Age + ApoE4 + Parahippocampal cMD + Parahippocampal Aβ-PET 
SUVR + Age*Parahippocampal cMD

Age − 3.93 (− 4.08 to 
− 3.79)

0.01 0.26 
(− 57.85)

APOE ε4 (+) − 0.12 (− 0.22 to 
− 0.02)

0.29

Parahippocampal cMD − 6.87 (− 7.83 to 
− 5.91)

6.04×
10− 3

Parahippocampal Aβ-PET 
SUVR

− 0.11 (− 0.27 to 0.05) 0.36

Age* Parahippocampal 
cMD

8.52 (8.43 to 11.24) 0.01

DTI-ALPS ~ Age + ApoE4 + Parahippocampal cMD + Parahippocampal Aβ-PET SUVR
Age − 9.87 × 10− 4 (− 0.01 

to 0.01)
0.99 0.18 

(− 52.59)
APOE ε4 (+) − 0.13(− 0.23 to 

− 0.03)
0.26

Parahippocampal cMD − 0.5 (− 5.54 to 4.55) 2.1× 10− 4

Parahippocampal Aβ-PET 
SUVR

− 0.08 (− 0.25 to 0.09) 0.51

DTI-ALPS ~ Age + ApoE4 + Fusiform cMD + Fusiform Aβ-PET SUVR
Age − 0.08 (− 0.09 to 

− 0.07)
0.50 0.12 

(− 47.53)
APOE ε4 (+) − 0.09 (− 0.20 to 0.01) 0.46
Fusiform cMD − 0.39 (− 10.05 to 

9.26)
2.43 ×
10− 3

Fusiform Aβ-PET SUVR − 0.06 (− 0.24 to 0.12) 0.64
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