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Abstract
To evaluate the diagnostic value of multi-ultra high b-value diffusion-weighted imaging (UHBV-DWI) in
Alzheimer’s disease (AD), and to build a regression prediction modelfor AD.90 participants including 30
AD, 30 mild cognitive impairments (MCI) and 30 volunteers without neurological diseases were enrolled
to perform with hippocampal volume, white matter hyperintensities volume (WMH volume),
periventricular white matter hyperintensity (PVWMH) score, deep white matter hyperintensity (DWMH)
score and UHBV-DWI.We found UHBV-DWI outperformed in the diagnosis of AD (AUC = 0.858), and
multiple linear regression model: y = 0.515 + 0.018 *(WMH volume) + 0.221 *(ADCuh value)-0.359 *(left
hippocampus volume) were established.So we came to a conclusion: UHBV-DWI is helpful for diagnosing
AD, and the combination of WMH volume and left hippocampus volume has a better diagnostic
performance.

Introduction
Alzheimer’s disease (AD) is the most common neurodegenerative disease with hidden onset [1]. Clinically,
it is characterized by dementia. Currently, the etiology of this condition still has not been clari�ed [2]. The
early diagnosis of AD is of great clinical relevance, as patients with AD can bene�t from early treatment
and rehabilitation, especially before the occurrence of brain injury [3]. At present, the diagnosis of AD
mainly relies on comprehensive evaluation of patient history, mini-mental state examination (MMSE) or
neuropsychological tests by highly skilled neurologists in addition to routine MRI sequence[4, 5].
Regardless, clinical pathological studies suggested that the sensitivity and speci�city of AD diagnosis by
clinicians were only 70.9%-87.3% and 44.3%-70.8%, respectively [6]. Therefore, there is an urgent need to
explore more robust and integrated clinical diagnostic methods that can facilitate the early diagnosis of
AD.

Abnormal deposition of Aβ is an important pathological change in the occurrence and development of
AD[7–9]. In recent years, AQP proteins have received increasing attention in AD research. Aquaporins
(AQPs) are carriers of water molecules that Agre et al. [10] found on the cell membrane in 1993. The
occurrence and development of many diseases are closely related to the expression level and distribution
of AQPs and are key molecular targets in the process of diseases. Previous studies have shown that AQP
proteins are involved in the transmembrane transport of water molecules, which is widely present in
mammals and has 13 subtypes, namely, AQP0-12[11]. A β in the brain can be cleared by water transport,
and the lack of AQPs reduces the clearance of soluble A β.[12] Studies have shown that the expression
and distribution of AQPs are altered in clinical and animal models of AD.[13, 14]

The transmembrane transport of water has an important role in maintaining liquid balance between
different regions, environmental steady state, and normal metabolism. Relative to conventional MR,
diffusion weighted MR imaging (DWI) is the only noninvasive method that can detect water molecules in
living tissue[15]. Recently, UHBV-DWI has been shown to improve the diagnostic performance of DWI in
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the detection of prostate cancer and high-grade gliomas[16, 17]. Yamasaki F con�rmed that UHBV-DWI
could more accurately re�ect cell density than conventional regular b-value DWI, but single high b-value
DWI was also not accurate 17 . ADCuh could eliminate the effects of microvascular perfusion and signal

intensity changes, which are mainly caused by slow diffusion components[18]. Mukherjee et al. [19]

con�rmed that AQPs can be used as a reporter gene of the DWI-MR sequence, and the overexpression of
AQPs can increase the diffusvity of water, thus resulting in signal differences detected in MRI. There is
also evidence that ADCuh re�ects the transport of aquaporins, which might be related to the expression

level of AQP4. Compared with ADC[18, 20], ADCuh was more sensitive to white matter degeneration in

AD[21]. UHBV-DWI molecular imaging obtains diffusion information of water molecules in
microcirculation perfusion, free diffusion, and active transport of AQPs by collecting multiple DWI images
with continuous b values (including low, medium and high b values) [19, 22]. An increasing number of
studies have con�rmed that the expression of AQPs is related to AD[23, 24], so we speculated whether
UHBV-DWI can be used to diagnose AD.

In this study, we diagnosed AD and mild cognitive impairment (MCI)[25] according to medical history, the
Mini-Mental State Examination (MMSE), which is widely used to screen for cognitive impairment and
estimate dementia severity[26] and MRI, and selected healthy individuals without neurological diseases as
controls. The diagnostic value of UHBV-DWI for AD was determined by comparison among MMSE,
hippocampal volume, white matter hyperintensity volume (WMH volume)[27], periventricular white matter
hyperintensity (PVWMH) score, deep white matter hyperintensity (DWMH) score and ADCuh value.

Materials And Methods

Patients
This prospective study was approved by the Ningde Hospital Medical Ethics Committee
a�liated with Ningde Normal University.A total of 30 patients with Alzheimer’s disease who were
hospitalized and clinically diagnosed in our hospital from January 2018 to December 2019 were included
as the AD group; 30 patients with mild cognitive impairment and 30 healthy individuals without any
neurological disease were selected as the MCI and control groups. Three groups of patients with sex, age,
education time and other clinical data were not statistically signi�cant (p > 0.05). Speci�c inclusion
criteria were as follows: patients in the AD group met the diagnostic criteria of Alzheimer’s disease revised
in the fourth edition of the American Manual of Mental Disease Diagnosis and Statistics, and the MMSE
score was less than 24 points. Patients with MCI met the following criteria: 1) awareness of subjective
cognitive decline in one year; 2) MMSE score greater than 24 points; 3) Montreal cognitive assessment
less than 26 points; and 4) daily life ability scale less than 26 points. The informed consent was obtained
from all subjects and from a parent and/or legal guardian as Vulnerable population in the studya, all
methods were performed in accordance with the principles of the 1983 Declaration of Helsinki. 
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MR scanning
All MR images were obtained from a 3.0-T MR scanner (General Electric, Milwaukee, WI, USA) [28]. The
imaging protocol included axial three-dimensional brain volume imaging (3D T1WI), axial fast spin-echo
(FSE) T2-weighted imaging (T2WI), axial T2 �uid attenuation inversion recovery (T2 FLAIR), and two SE
echo-planar DWI sequences (TR msec/TE msec/excitations, 3,000/96/1; 23 sections; bandwidth, 250
kHz; section thickness, 3.0 mm; intersection gap, 0.3 mm; �eld of view, 240 mm×240 mm; matrix,
128×128; voxel resolution, 0.938×0.938×3.0 mm) applied in three or thogonal directions[16, 29]. The �rst
DWI sequence was performed with standard b-values (0, 1,000 s/mm2), while the second DWI sequence
was performed with 15 different b-values (0, 30, 50, 100, 200, 300, 500, 800, 1,000, 1, 500, 2,000, 3,000,
3,500, 4,000, and 5,000 s/mm2) [16, 30]. Eddy current correction was applied with real-time �eld adjustment
and real-time correction of motion-induced phase error to obtain high-quality diffusion images. Spatial
coverage for both DWI sequences was identical, from the lower margin of the pons to the upper margin of
basal ganglia. The scan times for the sequence with standard b-values and the sequence with 15 b-
values were 0.37 min and 6.85 min, respectively[20]. The total scan time of the whole examination was
approximately 14 min. Head pads were used to constrain head movement in both PD patients and control
subjects.

WMH volume calculation
WMH volume was calculated using the AccuBrainTM analysis system (Shenzhen Bonao Medical
Technology Co., Ltd., Hong Kong, China). AccuBrainTM is a new automatic quantitative measurement
tool for brain structure. The DICOM format data of 3D T1 and T2 FLAIR of all patients were compressed
into Zip format �les and uploaded to the AccuBrainTM cloud system for image analysis. The template is
then registered with the patient image in a nonrigid manner. After registration, the prede�ned tags in the
map are transformed and fused to generate the segmentation tags of the patient, and the volume of each
tag area is recorded. After approximately 25 minutes of processing, the system will automatically
generate a PDF report containing patient information, brain volume and WMH volume information. This
study included the absolute volume of WMHs and the relative volume of WMHs in the PDF report (the
percentage of absolute volume of WMHs in total intracranial volume) for analyses.

Grading of WMH on MRI
On the basis of the Fazekas scale[31], WMHs were visually scored using FLAIR images in the
periventricular and deep subcortical areas by one of the authors, who was blinded to the patient’s
cognitive status. The intrarater reliability was represented with ICCs of 0.972 and 0.964 in the
periventricular and deep subcortical areas, respectively. The severity of WMH in the periventricular area
(PVWMH) was graded as follows: 0, no lesion; 1, cap or pencil-thin lining; 2, small halo; 3, irregular
periventricular WMH extending into deep white matter. The severity of WMH in the deep subcortical area
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(DWMH) was graded as follows: 0, no lesion; 1, punctate lesion; 2, beginning con�uence of lesion; 3, large
con�uence of lesion. Figure 2E demonstrates different grades of WMH in the periventricular and deep
subcortical areas. Patients were de�ned as having WMH if there were any identi�able WMH regardless of
severity or location (either grade of PVWMH≥1 or grade of DWMH≥1). Patients were de�ned to have
PVWMH and DWMH if graded with any nonzero grade on the region-speci�c Fazekas scale (PVWMH or
DWMH) regardless of severity.

Quantitative image analysis
All DWI data were transferred to a GE Advanced Workstation 4.4. UHBV-DWI software in GE Functool
9.4.05a was used to perform UHBV-DWI analysis.

The ADC map was calculated from the DWI sequence using the monoexponential model by �tting b
values (0, 1000 s mm–2) to equation (1)[21]

UHBV-ADC is calculated by �tting the �ve UHBVs (2000, 2500, 3000, 3500, 4000 and 4500 s/mm2) to
equation (2)[20]

T2 FLAIR was used to show the basic features of white matter hyperintensities, which were used to
determine the ROI. ROIs were manually drawn on white matter hyperintensities with supporting
workstation processing software, avoiding necrotic, cystic, or hemorrhagic components and adjacent
normal brain tissue. The ROIs were drawn on one conventional image and automatically marked on
UHBV-DWI (ADCuh) and DWI (ADC) images by UHBV-DWI software in GE Functool 9.4.05a in GE
Advanced Workstation 4.4, and the corresponding area of the opposite side was drawn through the mirror
image. The �nal ADCuh value represented the ROI of the overloading side/the ROI of the opposite side
mirror (%).

Two experienced independent radiologists, who were blinded to the AQP results, performed ROI selection
and measured each parameter value three times based on the criterion for the selection of ROIs, followed
by calculating the total mean standard deviation.
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Establishment and Test of Multiple Linear Regression
Analysis Model
Through tidyverse, lattice, ggplot2 and caret package statistical analysis and drawing pictures. According
to the independent variable to have a linear relationship with the dependent variable, the residuals are
basically normally distributed. The residual variance is basically unchanged (homogeneity of variance).
The residuals (samples) are independently correlated to test the model [32].

Statistical analysis
SPSS 22.0 statistical software was used for analysis. Continuous variables with a normal distribution are
expressed as the mean ± standard deviation, and one-way analysis of variance was used. The
classi�cation variables are represented by percentages and tested by the χ2 test. The correlation of MRI
results with AD was analyzed by Pearson correlation analysis. P < 0.05 was considered statistically
signi�cant.

Result

Clinical information
Thirty patients with AD, 30 patients with MCI and 30 healthy volunteers without neurological diseases
(NCs) were enrolled. There were 15 males and 15 females in the AD group with a mean age of 71.23 ±
4.72 years old (range: 58–87 years old). Their mean education time was 7.89 ± 2.58 years (range: 0–13
years), and the average MMSE score was 13.1 ± 3.5. There were 13 males and 17 females in the MCI
group. They were 57–85 years old with a mean age of 71.03 ± 4.85 years old. Their education time was
1–13 years with a mean education years of 8.11 ± 2.64 years, and their mean MMSE score was 24.4 ±
1.3. NC included 15 males and 15 females. Their mean age and education time were 70.73 ± 5.18 years
old (range: 55–86 years old) and 7.77 ± 2.56 years (range: 1.5–15 years), respectively. In addition, their
mean MMSE score was (29.1 ± 0.7). There were signi�cant differences in MMSE scores among the three
groups. Through logistic regression analysis, hypertension may be an independent risk factor for AD,
while there was no signi�cant difference in sex, age, education duration or other clinical data (Table 1,
Figure 1). 

Table 1

Demographic characteristics of the study participants.
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Characteristics CTL(N=30) MCI(N=30) AD(N=30)

Age (years) 70.73±5.18 71.03±4.85 71.23±4.72

Gender      

male 15(50%) 13(43%) 16(53%)

female 15(50%) 17(57%) 14(47%)

Weight 21.89±1.31 22.18±1.11 21.98±1.26

Education Years 7.77±2.56 8.11±2.64 7.89±2.58

Hypertension      

Yes 10(33%) 15(50%) 21(70%)

No 20(67%) 15(50%) 9(30%)

Hyperlipemia      

Yes 12(40%) 13(43%) 11(37%)

No 18(60%) 17(57%) 19(63%)

Diabetes      

Yes 8(27%) 8(27%) 7(23%)

No 22(73%) 22(73%) 23(7%7)

Smoking      

Yes 8(27%) 7(23%) 11(37%)

No 22(73%) 23(77%) 19(63%)

Drinking      

Yes 11(37%) 10(33%) 13(43%)

No 19(63%) 20(67%) 17(57%)

Hippocampal volume, MH volume, PVWMH score, DWMH
score and ADCuh values
At present, there are many methods for the detection of AD, such as the detection of hippocampal
volume, WMH volume, PVWMH and DWMH in patients with MRI [33]. Hippocampal volume, WMH volume,
PVWMH, DWMH scores and ADCuh values were detected in AD patients, MCI patients and healthy
volunteers. Through the composite images, we can see the contour of the hippocampus of AD, MCI, and
NC, and the volume of the hippocampus of AD patients was smaller than that of MCI and NC (Figure 2A).
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In addition, the high signal area of white matter was highlighted, as shown in red (Figure 2C), for analysis
and calculation to facilitate the calculation of the volume of the high signal area. DWMH and PVWMH
scores were positively correlated with WMH volume (�gure 2E). Compared with conventional T2 FLAIR
and diffusion weighted imaging (DWI) at a standard b-value (b = 1000 sec/mm2), ADCuh can show not
only the signal changes in the high-signal areas of white matter but also the signal changes in the
surrounding areas. By observing the three groups of ADCuh, we can see that the high signal area of white
matter in the brain was higher, and the corresponding signal was different from that of the surrounding
normal white matter (Figure 2G). There were signi�cant differences in hippocampal volume, WMH
volume, PVWMH, DWMH scores and ADCuh values among 30 AD patients, MCI patients and healthy
volunteers (Figure 2B, D, H, F). 

Sensitivity and speci�city determination
We further analyzed the sensitivity and speci�city of various detection methods by ROC
curve analysis. We found that ADCuh had the highest value in the diagnosis of AD (AUC = 0.858),
followed by WMH volume (AUC = 0.832, Figure 3A). Among them, ADCuh was most sensitive in
distinguishing AD from MCI (AUC = 0.802, Figure 3B), while the WMH volume was most sensitive in
distinguishing AD from NC (AUC = 0.987), followed by ADCuh (AUC = 0.914, Figure 3C). We found that the
sensitivity of combining ADCuh values and WMH volume exceeded that of a single indicator (Figure 3D).
Therefore,UHBV-DWI   may be used for auxiliary diagnosis of AD.

Multiple linear regression model
All-subset regression[34] showed that the left hippocampus volume, WMH volume and ADCuh values could
be used to jointly predict AD (Figure 4A), and a multiple regression model y = 0.515 + 0.018 *(WMH
volume) + 0.221 *(ADCuh value)-0.359 *(left hippocampus volume)(table 2) was established.
Furthermore, we verify the established regression model. By comparing the relationship between the
residual and the estimated value, it is found that they are basically independent, indicating a good linear
correlation (Figure 4B). Through a normal QQ plot, we found a linear distribution of the scatter path,
indicating that the residual is in line with a normal distribution (Figure 4C). The scale location diagram
shows that the variance is basically a constant (Figure 4D), but residuals vs leverage con�rms an extreme
value with a cook distance greater than 0.5 (Figure 4E). In summary, the model can be used to diagnose
AD.

Table 2

multiple linear regression model
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Model Unstandardized Coe�cients standardized Coe�cients T P value

B   Beta

constant 0.515 0.267   1.928 0.057

Hippocampal L+R 0.070 0.070 0.161 0.994 0.323

Hippocampal(L) -0.359 0.158 -0.435 -2.270 0.026

Hippocampal(R) -0.032 0.150 -0.041 -0.212 0.833

WMH volume 0.018 0.008 0.214 2.210 0.030

PVWMH 0.053 0.046 0.118 1.154 0.252

DWMH 0.022 0.032 0.056 0.680 0.498

AQP-ADC 0.221 0.092 0.261 2.405 0.018

Discussion
Through the commonly used AD detection methods and UHBV-DWI for AD, MCI, and NC, we found that
UHBV-DWI was highly sensitive in the diagnosis of AD patients, especially the distinction between AD and
MCI. Therefore, we believe that UHBV-DWI has the potential to assist in the clinical diagnosis of AD. In
addition, according to the current common AD detection methods, we established a prediction model by
multiple linear regression analysis and tested the model, which is expected to diagnose AD more
accurately by UHBV-DWI combined with hippocampal volume and WMH volume. At present, the main
diagnostic methods of AD at home and abroad are combined with the patient’s medical history,
neuropsychological tests and MRI to comprehensively diagnose AD[5]. Among them, the diagnostic
methods of MRI include brain hippocampus volume, WMH volume, PVWMH and DWMH. However, current
studies have shown that the speci�city and sensitivity of hippocampal volume, WMH volume, PVWMH
and DWMH are not ideal[5, 35–37]. UHBV-DWI is currently mainly used in studies such as cerebral ischemia
and Parkinson’s disease, but it is not involved in AD [20, 38]. Studies have shown that AQP is abnormally
expressed in the brain tissue of AD patients [39] and is associated with the expression of key proteins tau
and amyloid-β in AD [40, 41], so we speculate that UHBV-DWI can be used for the diagnosis of AD. In this
study, by comparing a variety of AD test methods, we proposed the guess of UHBV-DWI for AD diagnosis.
By comparing a variety of AD detection methods, we not only analyzed the sensitivity and speci�city of
each detection method but also comprehensively analyzed the most valuable diagnostic methods and
designed a prediction model. However, the number of AD, MCI and NC patients in this experiment was too
small, and the designed prediction model was not veri�ed by new experimental objects, which needs to be
compensated and corrected in later experiments. Based on the above experimental analysis, we believe
that UHBV-DWI has auxiliary diagnostic value for AD, but whether AQP family genes or AQP proteins have
an impact on the occurrence and development of AD and whether AQP content in human blood or
cerebrospinal �uid also has diagnostic value for AD are questions worthy of discussion. In the later stage,
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we hope to further verify the value of UHBV-DWI by expanding the sample size and to further study the
effect of AQP on the mechanism of AD to explore the role of the AQP family in the occurrence and
development of AD.
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Figure 1

Clinical information: A. Neuropsychological tests included the MMSE score, orientation, memory,
calculation, recall, verbal, and structure space. B. Logistics regression analysis detects the relationship
between age, sex, weight, education years, hypertension, hyperlipemia, diabetes, smoking, drinking and
AD.
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Figure 2

Hippocampal volume, WMH volume, PVWMH, DWMH scores and ADCuh values: A. Representative
images of Hippocampal. The left hippocampus is represented in green, and the right hippocampus is
represented in red. B. Histogram shows the volume of the hippocampus in 30 cases of AD, MCI, and NC.
C. Representative images of segmentation for WMHs by AccuBrainTM. Red areas are regions of WMH
after automatic segmentation by AccuBrainTM. D. Histogram shows the relative volume of white matter
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high signal in 30 cases of AD, MCI, and NC. E. Representative images of the application of the Fazekas
Scale. F. Histogram shows PVWMH and DWMH scores in 30 cases of AD, MCI, and NC. G. Representative
images of ADCuh.H. Relative expression of ADCuh values.

Figure 3

Sensitive and speci�c detection: A. ROC analysis shows the diagnostic sensitivity and speci�city of
hippocampal volume, WMH volume, PVWMH, DWMH scores and ADCuh values for AD. B. ROC curve
shows the diagnostic sensitivity and speci�city of the above methods from AD to MCI. C. ROC curve
shows the diagnostic sensitivity and speci�city of the above methods from AD to NC. D. Sensitivity and
speci�city of the combined diagnosis of WMH volume and ADCuh values.
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Figure 4

Multiple linear regression model: A. Full subset regression. The ordinate represents the value of Adjusted
R2. B. Residual vs �tted plots show whether residuals have nonlinear patterns. equally spread residuals
around a horizontal line without distinct patterns represent nonlinear relationships. C. Normal Q-Q plot if
residuals are normally distributed, residuals follow a straight line well represent normally distributed. D.
Scale-location plot shows whether residuals are spread equally along the ranges of predictors. horizontal
line with equally (randomly) spread points represent equal variance. E. Residual vs leverage plot helps us
to �nd in�uential cases and extreme values.


