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Abstract  

Purpose: The activity of the glymphatic system is impaired in animal models of Alzheimer's disease 

(AD). We evaluated the activity of the human glymphatic system in cases of AD with a diffusion-

based technique called Diffusion Tensor Image analysis Along the Perivascular Space (DTI-ALPS).  

Materials and methods: Diffusion tensor images were acquired to calculate diffusivities in the x, y, 

and z axes of the plane of the lateral ventricle body in 31 patients. We evaluated the diffusivity along 

the perivascular spaces as well as projection fibers and association fibers separately, to acquire an 

index for diffusivity along the perivascular space (ALPS-index) and correlated them with the mini 

mental state examinations (MMSE) score. 

Results: We found a significant negative correlation between diffusivity along the projection fibers 

and association fibers. We also observed a significant positive correlation between diffusivity along 

perivascular spaces shown as ALPS-index and the MMSE score, indicating lower water diffusivity 

along perivascular space in relation to AD severity.  

Conclusion: Activity of the glymphatic system may be evaluated with diffusion images. Lower 

diffusivity along the perivascular space on DTI-APLS seems to reflect impairment of the glymphatic 

system. This method may be useful for evaluating the activity of the glymphatic system. 
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Introduction 

The glymphatic system is a recently discovered waste drainage system in the brain that involves 

movement of the cerebrospinal fluid (CSF) along the perivascular space. This system promotes 

elimination of soluble proteins including amyloid-β (Aβ) and metabolites, and also facilitates the 

distribution of glucose, lipids, amino acids, and neuromodulators (1-3). In this system, CSF and 

interstitial fluid (ISF) interchange by influx of CSF along the loose fibrous matrix of perivascular 

spaces (1). CSF influx from the subarachnoid space into the deep peri-arterial space is driven by 

arterial pulsatile motion, slow motion of the vessels, respiratory motion, and CSF pressure. 

Subsequently, CSF is transported into the brain parenchyma via aquaporin-P4 (AQP4) water channels 

in astrocytic end-feet. CSF movement into the parenchyma drives convective ISF flux within the tissue 

toward the peri-venous spaces surrounding the deep veins. ISF is then collected in the peri-venous 

space. From the peri-venous space, the fluid drains out of the brain toward the cervical lymphatic 

system (1,4,5). These activities of the glymphatic system have been studied by intrathecally 

administered tracers in animal experiments (1). However, this method is invasive in humans due to 

administration of tracers including gadolinium-based contrast medium (GBCM), and thus, any method 

has not been established for evaluation of the glymphatic system in humans. 

The purpose of the current study is to assess the feasibility of a non-invasive method we coined 
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“diffusion tensor image analysis along the perivascular space (DTI-ALPS)” for evaluating the activity 

of the glymphatic system in human brain by using diffusion images. In this method, we evaluated the 

motion of water molecule in the direction of the perivascular space by measuring diffusivity using the 

diffusion tensor method (Figure 1). At the level of the lateral ventricle body, the medullary veins run 

perpendicular to the ventricular wall (6), and the perivascular space runs in the same direction as the 

medullary veins, which is the right-left direction (x-axis). On the plane of this area, projection fibers 

run in the head-foot direction, mainly adjacent to the lateral ventricle, and superior longitudinal 

fascicles (SLFs) representing association fibers in the current study run in the anterior-posterior 

direction outside the projection fibers. Outside the SLFs, subcortical fibers run mainly in the right-left 

direction in subcortical areas. Consequently, in this area, the perivascular space runs perpendicular to 

the projection fibers and SLFs. This conformation of the perivascular space and major fibers in this 

area allows nearly independent analysis of the diffusivity along the direction of the perivascular space 

because major fiber tracts do not run parallel to the direction of the perivascular space. When there is 

histological change along the right-left direction (x-axis), it will equally affect both projection and 

association fibers. Thus, when such change is observed for both fiber bundles, it is probably safe to 

state that at least part of this change comes from the pathology involving the perivascular space, 

namely the glymphatic system. 

Because the activity of the glymphatic system is reported to be impaired in AD according to 
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observations in animal experiments (2), we analyzed the different degrees of glymphatic system 

activity by performing diffusion tensor studies of cases with Alzheimer's disease (AD), mild cognitive 

impairment (MCI), and subjective cognitive impairment (SCI) with different degrees of severity. 

Materials and Methods 

We studied 31 patients (14 males and 17 females; age range 51 to 89 years old; mean 75 years; median 

76 years), 16 with AD, nine with MCI, and six with SCI (Mini mental state examination (MMSE) 

range: 12 to 30). We obtained permission from the institutional review board at the institute where the 

imaging study was performed. Written informed consent for the imaging study was obtained from all 

patients or their families after the nature of the procedures had been fully explained. Clinical diagnoses 

of AD and MCI were based on the Diagnostic and Statistical Manual of Mental Disorders-IV criteria 

and examination of the cognitive status, and diagnosis of SCI was made according to the proposed 

Reisberg criteria for SCI (7). All subjects were right-handed. MMSE was performed for all subjects. 

Diffusion imaging was acquired by using a 3.0-T clinical scanner (Magnetom Verio, Siemens AG, 

Erlangen, Germany). DTI sets with b = 0 s/mm2, b = 1000 s/mm2, and b = 2000 s/mm2 (Echo planer, 

TR = 6600 ms, TE = 89 ms, MPG = 30 directions, FOV = 230 mm, matrix = 94 × 94, slice thickness 
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= 3 mm) were acquired simultaneously in addition to conventional morphology images. 

Diffusion metric images were generated by using dTV.II.13k+ software (Dept. Biomedical 

Information Sciences, Graduate School of Information Sciences, Hiroshima City University) (8). The 

software creates computational images of the diffusion tensor including a color-coded fractional 

anisotropy (FA) map and diffusivity map, and in addition, has the capability to calculate diffusivity in 

the direction of the x-axis, y-axis, and z-axis on each image. Using this function, we performed 

analyses with the DTI-ALPS method, which is used to evaluate the diffusivity along the direction of 

the perivascular space compared with those of projection fibers and association fibers on a slice at the 

level of the lateral ventricle body (Figure 1a). At that level, the direction of the perivascular space is 

perpendicular to the ventricle wall and is thus mostly in the right-left direction (x-axis) on the axial 

plane. The direction is also perpendicular to the direction of both the projection fibers (mostly in the 

z-axis) and the association fibers (mostly in the y-axis) (Figure 1d). Thus, the diffusivity along the x-

axis at regions with projection/association fibers will at least partly represent the diffusivity along 

the perivascular space. On a color color-coded FA map of the plane at the level of the lateral ventricle 

body, we placed a 5-mm diameter spherical region of interest (ROI) in the area of the projection fibers 

(blue on Figure 1c), the area of the association fibers (green on Figure 1c), and the area of the 

subcortical fibers (red on Figure 1c) in the left hemisphere. For each area, we calculated the diffusivity 

in the directions of the x-axis, y-axis, and z-axis and correlated them with the MMSE score of the 
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subjects to obtain a correlation coefficient and p-value. We obtained measurements only in the left 

hemisphere in the current study, because all subjects were all right-handed and the SLF is thick enough 

to place the ROI on the left side. We evaluated the statistical difference of the slope of the regression 

curves with analysis of co-variance (ANCOVA). 

In addition, we calculated an index which we will call as ALPS-index in order to evaluate the activity 

of the glymphatic system in individual cases. This index is provided by the ratio of two sets of 

diffusivity value which are perpendicular to dominant fibers in the tissue, that is the ratio of mean of 

x-axis diffusivity in the area of projection fiber (Dxproj) and x-axis diffusivity in the area of 

association fibers (Dxassoc) to the mean of y-axis diffusivity in the area of projection fiber (Dyproj) 

and z-axis diffusivity in the area of association fibers (Dzaccoc) as folows. 

ALPS index=mean (Dxproj, Dxassoc)/mean (Dyproj, Dzassoc)

In the area of projection fibers, the dominant fibers runs in the direction of z-axis, and both x-axis and 

y-axis are perpendicular to the dominant fibers. Similarly, in the area of association fibers, the

dominant fibers runs in the direction of y-axis, and both x-axis and z-axis are perpendicular to the 

dominant fibers. The major difference for the water molecule behavior between x-axis diffusivity in 

both area (Dxproj and Dxassoc) and the diffusivity which is perpendicular to them (Dyproj and 

Dzassoc) would be the existence of the perivascular space. We also correlated this ALPS-index with 
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the MMSE score. We made the above mentioned analyses separately for the datasets with b=1000 

s/mm2 and b=2000 s/mm2. 

 

Results  

The correlations between MMSE and diffusivities for the three directions (x, y, z) of the three areas 

(projection, association, subcortical) are shown in Figure 2 with their correlation coefficients and 

statistical significance (indicated as “*”). In the b = 1000 s/mm2 datasets in the projection area, we 

found a significant positive correlation (r = 0.40, p = 0.026) between the diffusivity along the 

perivascular space (x-axis) and the MMSE scores, whereas the diffusivity along the projection fibers 

(z-axis) showed a significant negative correlation (r = –0.62, p = 0.00021) with MMSE scores. 

Diffusivity in the anterior-posterior direction (y-axis) did not show a correlation with MMSE scores 

(r = –0.24, p = 0.20). Also in the b = 1000 s/mm2 datasets in the association area, we found a significant 

positive correlation (r = 0.50, p = 0.0042) between the diffusivity along the perivascular space (x-axis) 

and the MMSE scores, whereas the diffusivity along the association fibers (y-axis) showed a 

significant negative correlation (r = –0.55, p = 0.0013) with MMSE scores. Diffusivity in the head-

feet direction (z-axis) did not show a correlation with MMSE scores (r = –0.10, p = 0.58). No 

statistically significant correlation was found between the diffusivity of the three directions and 
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MMSE scores in the subcortical area.  

For the b = 2000 s/mm2 measurements, no statistically significant correlation was found between the 

diffusivity and MMSE scores other than the diffusivity along the projection fibers (z-axis), which 

showed a significant negative correlation (r = –0.48, p = 0.0067) with MMSE scores in the projection 

area. With ANCOVA, statistically significant differences were found in the slope of the regression 

line between the x-axis and z-axis in the projection area on b = 1000 s/mm2 images (p < 0.001) and 

between the x-axis and y-axis in the association area on b = 1000 s/mm2 images (p < 0.001). 

On the evaluation of ALPS-index, there were significant positive correlation (r=0.46, p=0.0084) 

between the ALPS-index and the MMSE scores on the b=1000s/mm2 datasets. While, on the 

b=2000s/mm2 measurements, there was not statistically significant correlation between the ALPS-

index and MMSE scores (r=0.29, p=0.109). 

 

Discussion 

The glymphatic system, which was first proposed in 2012 by Nedergaard et al., is the waste clearance 

pathway system for CSF through the perivascular space and the interstitial space in the brain (1). A 

recent report by Peng et al. indicated that glymphatic transport is suppressed in a mouse model of AD. 
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They reported that Aβ circulates through glymphatic pathways. Oligomerization may limit the 

distribution of Aβ, and soluble Aβ oligomers, a more toxic form of Aβ, may also contribute to 

glymphatic dysfunction. Long-term exposure to Aβ in the subarachnoid CSF may suppress glymphatic 

transport prior to the presence of substantial Aβ deposits (9). Apolipoprotein E4 (apoE4) is a major 

genetic risk factor for AD. However, how apoE4 influences AD onset and progression has yet to be 

proven. A recent experimental report showed that the glymphatic fluid transport system contributes to 

the delivery of choroid plexus/CSF-derived human apoE to neurons (10). Perivascular localization of 

AQP4 facilitates the activity of the glymphatic system. Experimental mouse studies suggest that the 

AQP4-dependent glymphatic pathway is an important clearance system for driving the removal of 

soluble Aβ. In mice, Aβ is cleared along perivascular pathways, and Aβ clearance is reduced by 55-

65% in AQP4 knockout mice compared with wild-type mice (1). A recent report on postmortem 

human brain tissue showed that perivascular AQP4 localization is significantly associated with AD 

status independent of age (11). 

Observation of the glymphatic system has been made with tracer studies in animal experiments (1-3). 

Iliff et al. showed that CSF rapidly enters the brain along the cortical pial arteries following labeling 

of CSF with fluorescent tracers injected into the CSF of the cisterna magna. The dynamics of the 

glymphatic system were characterized for the first time in vivo using two-photon microscopy in mice 

(1). In addition to fluorescence materials, intrathecal administration of GBCM was also used as a tracer 
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in later animal studies. An experimental rat study with whole-brain imaging following intrathecal 

GBCM administration allowed identification of two key influx nodes at the pituitary and pineal gland 

recesses (2). However, intrathecal administration of tracers in humans has not been performed except 

for several well-designed studies (12,13) and an accident report (14). GBCM administration only into 

CSF can cause T1 hyperintensity in the globus pallidus and dentate nucleus, strongly suggesting 

involvement of the glymphatic system in the phenomenon of gadolinium deposition in the globus 

pallidus or dentate nucleus (13). Naganawa et al. observed enhancement of the perivascular space and 

CSF space on heavily T2-weighted FLAIR images 4 hours after intravenous injection of GBCM 

(15,16); however, no method for tracing intravenously administered GBCM with MRI has been 

established. In addition, even if a tracer method to evaluate the glymphatic system in living humans is 

established, tracer studies of the glymphatic system require hours to follow the distribution of the 

tracer within the brain, and monitoring the activity of the glymphatic system in real time is not possible. 

Thus, monitoring methods other than tracer studies are needed to evaluate the glymphatic system. The 

DTI-ALPS method used in the current study uses diffusion images, which can be acquired within 

several minutes, and may have potential to monitor the status of the glymphatic system over time.  

The DTI-ALPS method can be used to evaluate the diffusivity along the direction of the perivascular 

space compared with the direction of projection fibers and association fibers on a slice at the level of 

the lateral ventricle body. The medullary arteries and veins are the vessels of the brain parenchyma 
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and accompany the perivascular space, which is the major draining pathway of the glymphatic system. 

It is still difficult to visualize fine medullary arteries on MR images, however, with use of 3-T scanners 

and high resolution imaging protocols such as susceptibility-weighted imaging (SWI) that can be used 

to visualize fine venous structures (17). Prior to the current evaluation, we examined SWIs and color 

coded FA images of the normal brains and looked for the area in which conformation of the 

perivascular space represented by medullary veins on SWI and the major white matter tracts are 

perpendicular manner. We found that perivascular space runs in the right-left direction (x-axis), 

projection fibers run in the head-foot (z-axis) direction, and association fibers run in the anterior-

posterior (y-axis) direction outside the projection fibers at the level of the lateral ventricle body. 

Our results of the current study indicated a significant negative correlation between MMSE scores and 

the diffusivity along the projection fibers and association fibers. This result can be explained by white 

matter degeneration in the projection or association fibers due to AD or MCI as shown in a previous 

report (18). In addition, an atlas-based analysis of DTI to survey 30 major cerebral white matter tracts 

in AD cases indicated that association tracts have increases in mean, axial, and radial diffusivity, and 

projection tracts have increases in axial and radial diffusivity, observations that are interpreted as 

decreased tissue density in these tracts in AD cases (19). In contrast, our current study showed a 

significant positive correlation between the diffusivity along the perivascular space and the MMSE 

score, indicating impaired water diffusivity in the direction of the perivascular space in relation to AD 
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severity in areas with projection or association fiber dominance. Our results are consistent with the 

impaired activity of the glymphatic system in AD suggested by experiments with rats (2). We made 

this evaluation with two different b-values including b= 1000 s/mm2 as standard b-value and b=2000 

s/mm2 as higher b-value. In order to assure better signal to noise ratio, we did not selected very high 

b-value such as b=3000 s/mm2. The observation above such as positive correlation between ALPS-

index and MMSE was more obvious in the measurement with b = 1000 s/mm2 than that with b = 2000 

s/mm2. Since influence from water molecule with higher motivity become dominant when the b-value 

is lower, higher diffusivity or motivity of water molecule within the perivascular space could have a 

larger influence with a rather lower b-value (b= 1000 s/mm2) measurement. Another possible reason 

for the difference between b= 1000 s/mm2 and b=2000 s/mm2 is the higher signal to noise ratio which 

is acquired in the measurement with b= 1000 s/mm2. 

We calculated ALPS-index in order to evaluate the activity of the glymphatic system in individual 

cases. On this index, we hypothesized that the ratio of x-axis diffusivity in projection fibers and 

association fibers area (Dxproj and Dxassoc) to the diffusivity which is perpendicular to them (Dyproj 

and Dzassoc) would express the influence of the water diffusion along perivascular space which will 

reflect activity of the glymphatic system in the individual cases. When the ratio is closed to 1, it means 

that the influence of the water diffusion along the perivascular space is the minimum, and larger ratio 

will represent larger water diffusivity along the perivascular space. In our result, there were significant 
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positive correlation between the ALPS-index and the MMSE scores on the b=1000s/mm2 datasets. 

This result would indicate that the ALPS-index can be used for evaluating the activity of the 

glymphatic system in the individual cases. The result also indicated that the cases with lower MMSE 

score only distribute in lower ALPS-index. It may indicate that the cases with severe AD has impaired 

glymphatic system almost without exception. On the other hand, ALPS-index has wide variety in the 

cases with high MMSE score. There may be other unknown factors which impairs glymphatic system 

in some cases with mild AD or MCI, SCI cases.  

Our current study has several limitations. At this moment, our software can calculate the diffusivity 

only on x, y and z axis, which are obtained as the components of diffusion tensor; Dx, Dy, and Dz. 

Therefore, the area outside the lateral ventricle along the plane of the lateral ventricle body is the only 

place where we can independently evaluate the diffusivity along the direction of the perivascular space. 

In areas in which the perivascular space does not run in the direction of the x, y, or z axes or areas in 

which the perivascular space and the direction of the predominant fiber tract are parallel, isolated 

evaluation of the diffusivity along the perivascular space is impossible. Another limitation is that the 

ROI was placed manually, which may be a subjective factor of our measurement. However, we tried 

to place ROI as objectively as possible. The small number of subjects and the fact that the study was 

performed at a single institute are other limitations. In addition, we did not take any other physiological 

status into account, including perfusion or pulsatile motion of the brain. However, we performed 
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diffusion imaging with b = 1000 s/mm2 and b = 1000 s/mm2, because this rather high motion gradient 

is expected to cancel out the rather macroscopic physiological status. 

In conclusion, our results using the DTI-ALPS method demonstrated a significant positive correlation 

between the diffusivity along the perivascular space and the MMSE score, indicating impaired water 

diffusivity related to AD, MCI, or SCI severity. Thus, lower diffusivity along the perivascular space 

or lower ALPS-idex seems to reflect impairment of the glymphatic system. The DTI-APLS method 

can be used for evaluating the activity of the glymphatic system, and the ALPS-index may be applied 

for evaluating conditions that affect the activity of the glymphatic system of the individual cases. 
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Figure legends 

Figure 1: Concept for the diffusion tensor image analysis along the perivascular space (DTI-

ALPS) method 

a: Roentgenogram of an injected coronal brain slice showing parenchymal vessels that run horizontally 

on the slice (white box) at the level of the lateral ventricle body. Reproduced with permission from 

reference (6). 

b: Axial SWI on the slice at the level of the lateral ventricle body indicates that parenchymal vessels 

run laterally (x-axis). 

c: Superimposed color display of DTI on SWI (b) indicating the distribution of projection fibers (z-

axis: blue), association fibers (y-axis: green), and the subcortical fibers (x-axis: red). Three ROIs are 

placed in the area with projection fibers (projection area), association fibers (association area) and 

subcortical fibers (subcortical area) to measure diffusivities of the three direction (x, y, z). 

d: Schematic indicating the relationship between the direction of the perivascular space (gray cylinder) 

and the directions of the fibers. Note that the direction of the perivascular space is perpendicular to 

both projection and association fibers. 
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Figure 2: Correlation between directional diffusivity and MMSE scores 

Correlation between MMSE and diffusivities for the three directions of the three areas (projection: a, 

d, association: b, e, subcortical: c, f) with the b = 1000 s/mm2 datasets (a, b, c) and the b = 2000 s/mm2 

datasets (d, e, f). Diffusivity of the x-axis is plotted as red, y-axis as green, and z-axis as blue. 

Regression lines are also shown in the same colors with the plots, accompanied by values for the 

correlation coefficient. Statistically significant correlations are shown as “*”. 

On the b = 1000 s/mm2 datasets, in the projection area (a), we found a significant positive correlation 

between the diffusivity along the perivascular space (x-axis) and the MMSE scores. In the association 

area (b), we found a significant positive correlation between the diffusivity along the perivascular 

space (x-axis) and the MMSE scores. On the other hand, there were significant negative correlation 

between the diffusivity along the projection fiber (z-axis) in the projection area and the MMSE scores. 

There were also significant negative correlation between he association fiber (y-axis) in the association 

area and the MMSE scores. These negative correlation may be explained by white matter degeneration 

in the projection or association fibers due to AD or MCI. On the b = 2000 s/mm2 measurements, we 

found no statistically significant correlations between the diffusivity and MMSE scores other than the 

diffusivity along the projection fibers (z-axis), which showed a significant negative correlation with 
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MMSE scores in the projection area . Statistically significant differences (p < 0.001) for the regression 

line were identified with ANCOVA between the x-axis (red) and z-axis (blue) in the projection area 

on b = 1000 s/mm2 images (a) and between the x-axis (red) and y-axis (green) in the association area 

on b = 1000 s/mm2 images (b). 

 

Figure 3 Correlation between ALPS-index and MMSE. 

Correlation between MMSE and ALPS-index which is given by following ratio are shown ( a: 

b=1000s/mm2, b: b=2000s/mm2 ). 

ALPS index=mean (Dxproj, Dxassoc)/mean (Dyproj, Dzassoc) 

There were significant positive correlation (r=0.46, p=0.0084) between the ALPS-index and the 

MMSE scores on the b=1000s/mm2 datasets (a). While, on the b=2000s/mm2 measurements (b), there 

was no statistically significant correlation between the ALPS-index to MMSE scores (r=0.29, 

p=0.109). Note that the cases with lower MMSE score shows lower ALPS-index closed to 1, while 

ALPS index has wide variety in the cases with high MMSE score. 
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