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Abstract

Purpose The method of diffusion tensor image analysis along the perivascular space (DTI-ALPS) was gathering attention
to evaluate the brain’s glymphatic function or interstitial fluid dynamics. However, to the best knowledge, no study was
conducted on the reproducibility of these automated methods for ALPS index values. Therefore, the current study evaluated
the ALPS index reproducibility based on DTI-ALPS using two major automated calculation techniques in scan and rescan
of the same subject on the same day.

Materials and methods This study included 23 participants, including 2 with Alzheimer’s disease, 15 with mild cognitive
impairment, and 6 with cognitive normals. Scan and rescan data of diffusion magnetic resonance images were obtained,
as well as automatically index for ALPS (ALPS index) and ALPS index maintaining tensor vector orientation information
(VALPS index) with region of interest on the template fractional anisotropy map calculated by FSL software.These ALPS
indices were compared in terms of scan and rescan reproducibility.

Results The absolute difference in ALPS-index values between scan and rescan was larger in the ALPS index than in the
VvALPS index by approximately 0.6% as the relative difference. Cohen’s d for the left and right ALPS indices between meth-
ods were 0.121 and 0.159, respectively.

Conclusion The vALPS index based on DTI-ALPS maintaining tensor vector orientation information has higher reproduc-
ibility than the ALPS index. This result encourages a multisite study on the ALPS index with a large sample size and helps
detect a subtle pathological change in the ALPS index.

Keywords Diffusion magnetic resonance imaging - Diffusion tensor imaging - Along the perivascular space index -
Reproducibility - Glymphatic system

Introduction

The glymphatic system has earned interest since IIIf et al.

advocated the system [1]. The glymphatic system plays a

role in waste product excretion, including neurotoxins,

5 Koji Kamagata such as amyloid p (AP) and tau protein within the brain.
kkamagat@juntendo.ac.jp A glymphatic system dysfunction could cause extracellular
AP accumulation before the onset of dementia and Alzhei-
mer’s disease (AD) [1, 2]. Thus, the glymphatic system is
an essential Af clearance component in the brain of rodents.
A tracer study, which is one of the most efficient methods
to visualize interstitial fluid dynamics, is the major method
to evaluate the glymphatic system. The initial study on the
glymphatic system evaluation used a fluorescent tracer and a
laser-scanning microscope [1]. The follow-up tracer studies
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used the intrathecal administration of gadolinium-based
contrast agent (GBCA) on magnetic resonance imaging
(MRI) using animal models, such as a mouse, as the other
method [3, 4]. However, such a study using the intrathecal
GBCA administration on MRI is invasive for a subject and
is accompanied by pain. The intrathecal GBCA administra-
tion in humans has not been approved in any country [5].
Therefore, performing the intrathecal GBCA administration
for a human subject is difficult.

As a non-invasive method of the glymphatic system
without intrathecal contrast agent injection [1, 2], Taoka
et al. [6] proposed diffusion tensor image analysis along
the perivascular space (DTI-ALPS) based on diffusion
MRI (dMRI) which non-invasively evaluates the interstitial
fluid dynamics using DTI on MRI. The DTI-ALPS method
provides the ALPS index, which is a ratio of the perivascular
space direction diffusivity and perpendicular major fiber
tract and perivascular space direction diffusivity [6, 7].
Recently, the DTI-ALPS method was reported to reflect the
glymphatic system alteration of intestinal fluid dynamics
in various pathologies [8—15]. These reports suggest the
usefulness of the ALPS index as a biomarker to evaluate
interstitial fluid dynamics or glymphatic function. However,
these ALPS index calculation methods were manual region
of interest (ROI) placement, which cost a lot in terms of
time and human resources. Therefore, introducing manual
volumetric assessments in clinical settings is difficult. Thus,
automated calculation techniques for the ALPS index have
been developed, such as ALPS index [14] and ALPS index
maintaining tensor vector orientation information (vALPS
index), to overcome this problem [16, 17]. However, to the
best knowledge, the reproducibility of these automated
methods for ALPS index values was not studied.

Therefore, the current study evaluated the reproducibility
of the ALPS index values based on DTI-ALPS using ALPS
and VALPS indices in scan and rescan of the same subject
on the same day.

Materials and Methods
Study cohorts

Data used in this study were obtained from the Alzheimer’s
Disease Neuroimaging Initiative (ADNI)-3 database (https://
adni.loni.usc.edu). ADNI was launched in 2003 as a pub-
lic—private partnership, led by principal investigator Michael
W. Weiner, MD, VA Medical Center and University of Cali-
fornia, San Francisco. ADNI primarily aimed to test whether
serial MRI, positron emission tomography, other biological
markers, and clinical and neuropsychological assessment can
be combined to measure the progression of mild cognitive
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Table 1 Participant

demographic data " 23

Age,y 69.9+6.3
Sex, male/female 13/10
Education, y 16.3+2.6
Race White
CN/MCI/AD 6/15/2
MMSE 274425
MoCA 24.2+4.6
CDR-SB 1.1+1.2
FAQ 22432
CN cognitive normal, MCI

mild cognitive impairment, AD
Alzheimer’s disease, MMSE
Mini-Mental State Examination,
MoCA  Montreal Cognitive
Assessment, CDR-SB Clinical
Dementia Rating Sum of Boxes,
FAQ  Functional  Activities
Questionnaire

impairment (MCI) and early AD. See www.adni-info.org for
a more detailed and up-to-date ADNI description.

The current study included 23 participants (2 AD,
15 MCI, and 6 cognitive normals [CNs]) with clinical
neuropsychological scores and two dMR images (i.e.,
scan and rescan) on the same day from the ADNI-3
database. A 3 Tesla MRI scanner, including Prisma fit
(Siemens Healthineers, Erlangen, Germany) with a single
protocol, was used to obtain dMRI data. Table 1 shows the
demographic and clinical data of study participants.

Neuropsychological assessments

This study collected the following neuropsychological tests:
Mini-Mental State Examination (MMSE) [18]; Montreal
cognitive assessment (MoCA) [19], a brief questionnaire
that measures global cognitive impairment; clinical
dementia rating scale sum of boxes (CDR-SB); functional
activities questionnaire (FAQ), an assessment which rates
patients’ ability to independently complete activities of daily
living [20].

MRI acquisition

Scan and rescan dMRI was acquired for each participant
using a 3 Tesla Siemens Prisma fit scanner. More imaging
details are found at http://adni.loni.usc.edu/methods/docum
ents/mri-protocols/.

In brief, the following parameters were used for Prisma
fit: b=0/1000 s/mm?; non-diffusion-weighted image = 7; 48
MPG axes; repetition time (TR)=7200 ms; TE=56.0; flip
angle 90°; 2.00 mm isotropic voxel; and 55 axial slices.


https://adni.loni.usc.edu
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dMRI processing

FSL 6.0.1 and MRTrix3, following recent studies on optimal
preprocessing, were used to preprocess acquired dMRI
data [21]. First, Marchenko—Pastur principal component
analysis (MP-PCA), as a denoise algorithm, [22] and Gibbs
artifacts, were used to denoise and correct MR magnitude
images [23]. Next, an analytical approach was adopted and
the noise standard deviation estimated by applying MP-PCA
was used to reduce possible biases caused by Rician noise
distribution. Additionally, the “eddy” commands in the
FSL software and B1 inhomogeneity were used to correct
the effects of eddy currents and motion, including dMR
images [24]. Then, the resulting dMR images were fitted
to the DTI model based on estimation with ordinary least
squares to generate FA and diffusion coefficient maps (i.e.,
diffusion tensor image) in the x-axis (right-left; Dxx), y-axis
(anterior—posterior; Dyy), and z-axis (inferior-superior; Dzz)
directions using the “dtifit” command in the FSL software
[25]. Finally, the diffusion coefficient and FA maps were
assessed to determine whether the data were free from
severe artifacts, such as gross geometric distortion, signal
dropout, and bulk motion.

Along the perivascular space index calculation

The ALPS-index based on DTI-ALPS was automatically cal-
culated according to two methods, including ALPS index
[14] and vALPS index [16, 17] (Fig. 1).

First, the FA maps of all participants were registered
linearly and then non-linearly into the high-resolution
FMRIBS58_FA template-space image (1-mm isotropic
voxel). Second, this transformation matrix from subject

FA FMRIBS58 FA

) Colour-encoded FA Projection Area
subject-space template-space

o D BB

),\\ —

Association Area
mean(Dyxp,

ALPS index =
mean(Dyy,

Apply
Transformation Tensor Maps

template-space

Tensor Maps
template-space

Reorient
tensor vector

ALPS index VALPS index

Fig.1 The procedure of automated ALPS index calculation. The
ALPS index based on DTI-ALPS was automatically calculated
according to two methods, including ALPS index and ALPS index
maintaining tensor vector orientation information (vALPS index)

to template space was used to register diffusion coefficient
maps to the FA template. Third, four 5S-mm-diameter ROIs
were placed in the projection and association areas at the
level of the lateral ventricle bodies in the left and right
hemispheres on the FA template. Dominant fibers run
in the z-axis direction, perpendicular to both the x- and
y-axes in the projection area, whereas dominant fibers run
in the y-axis direction, perpendicular to both the x- and
z-axes in the association area. Fourth, the resulting ROIs
were registered to the same FA template. The position of
the resulting ROIs in the FA template space was visually
checked for each participant. Manual corrections were
not performed because all ROIs were correctly placed.
Finally, the ALPS index was calculated similarly to the
conventional ALPS index as follows:

mean(D D

XXproj»

mean(D

XXASSOC )
: (1

wwrejDezasso)

ALPS index =

which is a ratio of the mean of the x-axis diffusivity in
the projection area (D,,,,;) and x-axis diffusivity in
the association area (D,,,,.) to the mean of the y-axis
diffusivity in the projection area (D,,,,,;) and the z-axis
diffusivity in the association area (D). ALPS
index close to 1.0 reflects minimal diffusivity along the
perivascular space, whereas a higher value indicates greater
diffusivity.

These maps were registered using the “vecreg” function
implemented in FSL to preserve orientation information
after registering diffusion coefficient maps to the FA
template for the VALPS calculation. Then, vALPS was
calculated according to the above formula (1).

Statistical analysis

The absolute difference between the ALPS index of scan
and rescan and the relative difference of rescan compared
to scan (i.e., the first scan) was calculated to evaluate
reproducibility for each automated ALPS index calculation
method. Moreover, Cohen’s d effect size of the ALPS
index between scan and rescan was calculated. To compare
the difference between ALPS and vALPS index, Cohen’s
d formula can be described as follows:

_ n, 824+, 53
S, = 1/ e 2)

|71 =%

o 3)

c

Cohen's d =
where n; and n, represent the numbers of subjects in

populations 1 and 2, respectively; X; and x, and §, and
S, represent the average and standard deviation of the
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abosolute difference of ALPS and vALPS index between
scan and rescan, respectively. This formula indicates that
the difference of reproducibility between ALPS and vALPS
index in scan and rescan as Cohen’s d is small.

Table 2 Comparison of automated ALPS index calculation methods

ALPS index vALPS index

Mean absolute difference [relative
difference, %]

Left
Dy 1.68x 107 [2.80] 1.69x107° [2.81]
D, sassoc 3.17% 107 [3.70] 3.07x 107 [3.64]
Dyyoni 1.74x 107 [3.78] 1.57x 107 [3.52]
D, 5500 1.19%107° [2.59] 1.37x107° [1.59]
ALPS index 2.63%1072 [1.66] 1.75%1072 [1.06]
Right
D, xproj 1.69x 107 [2.99] 1.68x 107 [2.98]
D, sassoc 2.29% 107 [2.78] 2.30% 107 [2.79]
Dyyonoi 1.72x 107 [3.76] 1.57x 107 [3.52]
D50 1.32x10-° [2.52] 1.29%107° [2.34]
ALPS index 3.73%x 1072 [2.55] 3.31x 1072 [2.28]

A comparison between automated ALPS index calculation methods
in the left (left ALPS index) and right hemispheres (right ALPS
index). The mean absolute difference between the ALPS index
of scan and rescan and the mean relative difference of rescan
compared with scan (i.e., the first scan) was calculated to evaluate the
reproducibility of each automated ALPS index calculation method

Automated calculation techniques for ALPS-index have been
developed such as ALPS index and ALPS-index maintaining tensor
vector orientation information (VALPS index)

Fig.2 Comparison of auto-

(a)Scan-Rescan Absolute Difference

Additionally, to confirm the reproducibility of the cor-
relation between ALPS index and clinical score, such as
MMSE, MoCA, CDR-SB, and FAQ, the absolute differ-
ence between scan and rescan of the partial correlation
between ALPS index and clinical score with covariances,
including age, sex, and years of education, was calculated.

Results

Table 2 and Fig. 2 show the result of a comparison between
automated ALPS index calculation methods in the left (left
ALPS index) and right hemisphere (right ALPS index).
The absolute difference in almost diffusivity and the ALPS
index between scan and rescan was larger in the ALPS index
than the vALPS index by approximately 0.6% as the rela-
tive difference of ALPS index. Cohen’s d for the left and
right ALPS indices between methods were 0.121 and 0.159,
respectively. On the other hand, the absolute difference of
correlation of ALPS index and clinical score between scan
and rescan was lower in the VALPS index (Table 3).

Discussion

The current study evaluated the reproducibility of the ALPS
index, such as ALPS and vALPS indices, and the difference
of the ALPS index between scan and rescan and the rela-
tive difference of rescan compared to scan were calculated.
The result revealed that the absolute difference in the ALPS
index between scan and rescan was larger in the ALPS index

mated ALPS index calculation 010
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between automated ALPS-index 5
calculation methods in scan é 0.04
(blue) and rescan (red). The 2
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Table 3 Absolute difference in the correlation between scan and res-
can

MMSE MoCA CDRSB FAQ
Left
ALPS index 0.01 0.16 0.11 0.04
vALPS index 0.01 0.09 0.09 0.07
Right
ALPS index 0.03 0.17 0.16 0.09
vALPS index 0.01 0.14 0.12 0.06

Absolute difference between scan and rescan of the partial correlation
of the ALPS index and clinical score with covariances, including age,
sex, and years of education, wascalculated

MMSE Mini-Mental State Examination, MoCA Montreal Cognitive
Assessment, CDR-SB Clinical Dementia Rating Sum of Boxes, FAQ
Functional Activities Questionnaire

than in the vALPS index. Additionally, Cohen’s d for the left
and right ALPS indices between methods were 0.121 and
0.159, respectively, which means a small effect size accord-
ing to Cohen’s d guideline [26]. Furthermore, vALPS index
had lower absolute difference of correlation with clinical
score between scan and rescan than ALPS index.

Taoka et al. [27] investigated the reproducibility of the
ALPS index, including the ALPS index of DTI-ALPS
regarding test-retest. The absolute difference among ALPS
indices of four times scans in the test-retest study was up
to approximately 0.02. This result was consistent with the
absolute difference of the ALPS index in our study. Con-
versely, the absolute difference between the vALPS index
was lower than that of the ALPS index. The vALPS index
maintains the tensor vector orientation information. Figure 3
shows three types of color-encoded fractional anisotropy
(FA) images: left, color-encoded FA in the subject’s space;

Subject’s space

Template space
(without vecreg)

middle, registered one in the template space without tensor
vector reorientation; right, registered one in the template
space with tensor vector reorientation using the “vecreg”
function implemented in the FSL library. The application of
spatial transformations to diffusion tensor images is compli-
cated because the diffusion tensor images contain orienta-
tional information, which is affected by the transformation,
compared to the task of warping scalar images, as shown
in Fig. 3. This effect should be accounted for to ensure the
anatomical correctness of the transformed image. Alexan-
der et al. [28] revealed that accompanying reorientation of
the data is required to preserve the consistency of the data
concerning the anatomic structure of the image when trans-
formations are applied to a diffusion tensor image. The trans-
formation matrix, normalized for scaling, can be directly
applied to each diffusion tensor in the image, via a similarity
transform, to perform the necessary reorientation for rigid
rotation and/or uniform scaling. Indeed, the vALPS index
also had lower absolute difference of correlation with clini-
cal score between scan and rescan than the ALPS index. It
implies that the vALPS index is superior over the ALPS
index in the reproducibility of the correlation with clinical
scores and its index value. Thus, the vALPS index, main-
taining tensor vector orientation information, had higher
reproducibility than the ALPS index without consideration.

Recently, Tatekawa et al. [29] also attempted to improve
the reproducibility of the DTI-ALPS index and to evaluate
whether the reorientation of DTI data (i.e., vVALPS index)
improved the reproducibility of the ALPS index with manual
ROI placement using 234 cognitively healthy subjects
from the OASIS-3 dataset. The literature showed that the
vALPS index exhibited a significantly smaller variance than
the original ALPS index (p <0.001). For intra- and inter-
reliability, the vALPS index indicated better reproducibility

Subject’s space
(with vecreg)

Fig.3 The difference between registrations with and without tensor
vector reorientation. Three types of color-encoded fractional anisot-
ropy (FA) images were shown. Left, color-encoded FA in subject’s
space; middle, registered one in the template space without tensor

vector reorientation; right, registered one in the template space with
tensor vector reorientation using the “vecreg” function implemented
in the FSL library. Red and orange ROIs are in the association area,
and white and yellow ROIs are in the projection area
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than the original ALPS index, even in subjects with head
rotation (ICCs of original ALPS index: 0.52-0.81; ICCs
of vALPS index: > 0.85). A wider range of the 95% limit
of agreement of the Bland—Altman plot for subjects with
X-axis rotation was identified, indicating that X-axis
rotation remarkably affected the calculation of the ALPS
index. Although there is a little difference between our
studies in terms of manual or automated ROI placement,
our results that the vALPS index has better reproducibility
than the original ALPS index, were consistent with those of
a previous study.

The absolute difference in the ALPS index was compared
with the change of the ALPS index in some diseases in the
previous report to confirm the effect of improved ALPS
index reproducibility. The absolute difference in the ALPS
index between CN and MCI, CN and AD, and MCI and
AD was 0.05, 0.04, and 0.01, respectively, in MCI and AD
[10]. The ALPS index of Parkinson’s disease (PD) with
MCI (PD-MCI) decreased by 0.02 compared to PD with
cognitive normal (PD-CN) [9]. Additionally, the ALPS
index of PD with dementia was lower than PD-MCI by 0.05.
Furthermore, the ALPS index of early PD was lower than
late PD by 0.05. McKnight et al. [30] showed Cohen’s d
between PD and essential tremor was 0.19, while Cohen’s
d between healthy males and females was 0.21. Conversely,
the Cohen’s d between CN and MCI, CN and AD, and MCI
and AD were 0.29, 0.22, and 0.07, respectively. A study
on the human immunodeficiency virus (HIV) indicated a
lower ALPS index in HIV than in healthy controls by 0.02
[31]. Cohen’s d was 0.12 in the comparison between patients
with migraine with and without aura [32]. Lee et al. [33]
reported that the ALPS index in transient global amnesia
was higher than healthy controls and Cohen’s d was 0.14.
The reproducibility of scan and rescan was higher in the
vALPS index, and the effect size (i.e., Cohen’s d) of method
difference for the ALPS index calculation is almost the
same as or larger than that of the subtle pathological change
reported in the above studies, considering our study that
revealed Cohen’s d between ALPS and vALPS indices for
the left and right of 0.121 and 0.159, respectively. Hence,
the vALPS index could be used to detect subtle pathological
changes with a small effect size.

This study has some limitations. First, the sample size was
small. Hence, a larger sample size was desired to improve the
statistical power and reliability of the results. However, to the
best of our knowledge, no open database with a large sample
is available, (e.g., such as ADNI (https://adni.loni.usc.edu/),
Human Connectome Project (https://db.humanconnectome.
org/), Open Access Series of Imaging Studies (https://www.
oasis-brains.org/), 4-Repeat Tauopathy Neuroimaging
Initiative, and the Frontotemporal Lobar Degeneration
Neuroimaging Initiative (http://4rtni-ftldni.ini.usc.edu/)) of
scan and rescan MRI obtained at the same day. In this study,
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absolute difference between scan and rescan was lower in
the VALPS index than in the ALPS index, and the effect
sizes were 0.121 and 0.159 as Cohen’s d for the left and
right ALPS indices, respectively. If the false-positive error
(i-e., a error) is 0.05 and statistical power (i.e., 1-f) is 0.80,
the required total sample size is at least 539 to statistically
show that the absolute difference of the VALPS index is
significantly lower than that of the ALPS index. Second,
MRI data were obtained using a single scanner, in a single
institution. Thus, evaluating the reproducibility of automated
ALPS index calculation methods using various conditions,
including multi-scanner and protocol, is desirable. Third,
the current study did not stratify the patients and healthy
controls. Therefore, investigating the reproducibility of
ALPS and vALPS indices while separating patients and
control participants can help deepen understanding of the
reproducibility of the ALPS index. However, automated
methods for calculating the ALPS index might be required to
avoid the subjectivity caused by manual ROI placement and
the cost, such as human resources and time consumption,
and achieve the study, because the multisite study on the
glymphatic system using the ALPS index, targeting large
sample size, is gaining interest. Our study revealed the effect
of the difference between automated methods for the ALPS
index calculation.

In conclusion, the vALPS index based on DTI-ALPS
maintaining tensor vector orientation information has higher
reproducibility than the ALPS index. This result could
encourage a multisite study on the ALPS index with a large
sample size and lead to detect subtle pathological changes
in the ALPS index.
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