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memory loss (p = 0.010) and implementation capacity (p = 0.0002), the VEGF and τ protein interacted with each other. In the prediction of longitudinal memory loss (p = 0.010), the VEGF interacted with amyloid-β4.
CONCLUSIONS: The elevated VEGF in CSF is
associated with the brain aging. When AD biomarkers were elevated, the VEGF had the strongest neuro-protective effect. Moreover, in the
positive AD biomarkers, especially the individual τ protein, the protective effect of VEGF was
the strongest. In the prediction of longitudinal
changes in the hippocampal volume, the memory and the executive ability, the interactions of
VEGF and τ protein were observed. VEGF and
Aβ-42 also interacted with each other in case
of longitudinal changes in the memory performance.
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Abstract. – OBJECTIVE: To explore whether
the vascular endothelial growth factor (VEGF)
level changes the biological markers of Alzheimer’s disease (AD) and discover the relationship
between VEGF and the brain aging.
PATIENTS AND METHODS: The neuroimaging and neuropsychological results on Alzheimer’s disease neuroimaging program (ADNI)
were analyzed as biomarkers. Participants were
all recruited from ADNI including cognitive ability (n=90), mild cognitive impairment (n=130) and
AD (n=59). The relationship between VEGF level in cerebrospinal fluid (CSF) and hippocampal
volume, episodic memory and executive ability was compared laterally and longitudinally, in
order to evaluate whether VEGF was effective.
Moreover, the correlation between VEGF levels
in CSF and the results of brain aging was detected and evaluated, so as to detect the level
of VEGF in CSF and the continuous determination of the relationship with AD biomarkers (Aβ42, total τ protein).
RESULTS: The general linear model and the
multiple regression research indicated that the
VEGF in CSF was related to the brain aging (hippocampal volume, episodic memory and executive ability). The interaction between AD biomarkers (CSF amyloid beta (Aβ-42) and total τ
protein) and VEGF promoted AD biomarkers to
enhance the effect of VEGF on the brain aging.
The VEGF correlated with the baseline hippocampal volume (p = 0.009), longitudinal hippocampal atrophy (p = 0.010), longitudinal memory
decline (p < 0.0001) and longitudinal executive
capacity decline (p = 0.003). In the prediction of
longitudinal hippocampal atrophy (p < 0.0001)
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Introduction
The vascular endothelial growth factor
(VEGF) is related to neural development, angiogenesis and hematopoiesis, and plays an important role in the adult vascular homeostasis1.
VEGF is not only the target of anticancer drugs,
but also has a neuro-protective effect in Alzheimer’s disease (AD)2,3. The serum VEGF levels
of the AD patients are very low, and the VEGF
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infer the neuro-protective effect of the VEGF
on brain aging outcomes (hippocampal atrophy
and cognitive decline), which protective effect
may be strengthened in the presence of any AD
biological marker (Aβ-42, total τ protein).
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expressions of the superior temporal gyrus, hippocampus and brainstem in cerebral microvascular are even lower4,5. Previous researches6
found that in transgenic AD mice, the stem
cells overexpressing VEGF were transplanted
into the hippocampus and reduced the cognitive deficits and reversed the memory deficits.
Also, the APP (Amyloid precursor protein)
transgenic mice given VEGF were subject to
memory impairment and Aβ deposition reduced7. Therefore, it is speculated that the
VEGF increases neuro-protection by increasing vascular survival to counteract the pathological process of AD8. The research assessed
the level of VEGF in the intrathecal cerebrospinal fluid and found that AD and vascular
dementia patients had higher VEGF levels than
the healthy controls9. Another study found that
the VEGF levels in cerebrospinal fluid (CSF)
were not different between the AD patients and
the cognitively normal controls10. Recent data
from ADNI were consistent with the results as
previously reported; the serum VEGF levels
in patients with AD was lower, and the lower
VEGF levels in CSF of AD patients indicated
that the AD patients had 76.30% sensitivity
and a specificity of 84.07% compared to those
of the healthy controls11. Studies on the clinical phenotype of VEGF and AD (especially
the protective effect of VEGF in AD high-risk
elderly) have just started. Recent researches
evaluated the relationship between more than
80 cases of CSF and the brain aging outcomes,
and found that lower VEGF levels in CSF were
associated with hippocampal decline, increased
ventricular enlargement, and accelerated decline of mild psychiatric examination11. However, these results were only observed in the amyloid positive individuals. In this study, the relationship between VEGF levels in CSF and the
brain-aging outcome was analyzed. We firstly
assessed whether VEGF played a major role in
the relationship between lateral and longitudinal
comparisons with hippocampal volume and two
parts of cognitive performance (episodic memory and executive functioning). Then, we examined whether the relationship between VEGF
levels and the brain-aging outcome was different
in various cognitive diagnostic tests. Also, we
analyzed the correlation between VEGF levels
and CSF biomarkers (Aβ-42, total τ protein) in
the continuous determination of AD, in order to
determine the effect of VEGF on the levels of
amyloid and τ protein in CSF. Therefore, we can

Patients and Methods
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Case Materials
All participants were selected from the Alzheimer’s disease neuroimaging initiative (ADNI). ADNI combines the research data from AD
researchers in North American, including MRI
and PET images, genetics, cognitive tests, biomarkers of cerebrospinal fluid and blood both in
the elderly patients with mild cognitive impairment and healthy controls. This study included
approximate 800 participants, aging from 55-90
years old. The exclusion criteria included severe
neurological disorders other than AD, the history
of brain injury, the head trauma and the history
of psychotropic drug use. Each participant signed
the informed consent voluntarily. The ADNI public database analysis was also approved by the
local Institutional Review Board. In the neuroimaging analysis, 279 participants were obtained
by the FreeSurfer measurement of hippocampal
volume derived from 1.5 T MRI data. In the cognitive analysis, 306 participants were involved in
the compound measurement of memory and executive ability. The information of all participants
were shown in Table I.
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CSF Analyses and
Biomarker Re-processing
According to the downloaded UPENNI-UPENN5 data, a data set was established by the first
measurement of the total τ protein and Aβ-42 of
patients. VEGF, as a part of the CSF multivariate
proteomics processing flow, was calculated by
xMAP multivariate panel (MyriadRBM). Details
can be found in website: http://adni.loni.usc.edu/
wp-content/uploads/2012/01/2011Dec28-Biomarkers-Consortium-Data-Primer-FINAL1.
pdf 12. According to the ANDI-QC regulations,
we needed to take more than 7 samples for re-test
verification and converted the data to the basic
normal by natural logarithm; then the samples
with relative difference >35% or absolute difference > 60% were excluded. Therefore, 16 samples
were collected for re-test verification to ensure
the reliability. All re-tested VEGF analyzes were
measured by these quality control steps.

Effect of VEGF on neuronal degeneration and interaction between AD biomarkers
Table I. Sample basic situation.
			
		
Brain volume data

Normal
control

Clinical diagnosis results #
Mild cognitive
impairment

AD
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No. of sample
90
130
59
APOE ε4 carrier (%)
23.33%
56.92%
69.49%
Female (%)
50.00%
32.31%
45.76%
Average age (year)
76.23 ± 5.00
75.32 ± 7.12
75.18 ± 8.17
Education time (year)
16.13 ± 3.48
16.33 ± 3.13
15.34 ± 3.05
Visit times
4.58 ± 2.09
4.48 ± 2.07
2.59 ± 1.10
CSF VEGF(pg/mL natural logarithm)
2.72 ± 0.12
2.71 ± 0.13
2.67 ± 0.13
CSF total τ protein (pg/mL)
70.27 ± 28.17
105.13 ± 53.12
130.43 ± 61.04
CSF Aβ-42 (pg/mL)
206.42 ± 56.30
161.03 ± 51.19
143.13 ± 38.18
Left hippocampal volume (% of Intracranial volume)*
0.24 ± 0.03
0.19 ± 0.03
0.18 ± 0.04
Cognitive data			
No. of sample
92
147
67
APOE ε4 carrier (%)
23.91%
53.06%
70.15%
Female (%)
50.00%
31.97%
43.28%
Average age (year)
76.23 ± 5.00
75.32 ± 7.12
75.18 ± 8.17
Education time (year)
16.13 ± 3.48
16.33 ± 3.13
15.34 ± 3.05
Visit times
7.17 ± 1.98
6.71 ± 2.01
3.90 ± 0.35
2.72 ± 0.12
2.71 ± 0.13
2.66 ± 0.13
CSF VEGF (pg/mL natural logarithm)
69.19 ± 27.23
104.60 ± 52.31
124.15 ± 60.28
CSF total τ protein (pg/mL)
206.42 ± 56.30
161.03 ± 52.19
142.13 ± 37.18
CSF Aβ-42 (pg/mL)
0.96 ± 0.52
-0.16 ± 0.56
-0.88 ± 0.55
Memory (z-score)
Executive ability (z-score)
0.67 ± 0.61
-0.09 ± 0.71
-1.01 ± 0.81

A

Note: #Diagnostic grouping is determined according to the ADNI plan. The normal control subjects had a Mini-Mental Status
Examination (MMSE) score of 24 to 30. Clinical Dementia Rating score of 0, no depression (Geriatric Depression Scale score
< 6). The MMSE score of subjects with mild cognitive impairment was 24 to 30. Objective memory impairment, subjective
memory impairment, CDR score was 0.5. Alzheimer’s disease subjects met the clinical criteria for dementia, MMSE score of
20 to 26, the CDR score is 0.5 or 1. *The intracranial volume (ICV) correction is only for illustration, and all statistical models
include ICV as a covariate.
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Synthetic Materials of Neural Psychology
ADNI neuropsychological program has been
previously reported. It included the calculation
of compound measurement of episodic memory
and executive ability13. In this study, we utilized
the memory (ADNI-MEM) and executive ability
(ADNI-EF) composite scores. ADNI-MEM included the composite z-scores of the levels of Rey
auditory language learning test, AD assessment
scale-cognitive testing, simple mental state examination and logic memory I and II. ADNI-EF
included the data of levels of the trace description
test A and B, the reverse numerical memory span
test, the numerical symbol test, the animal fluency test, the vegetable fluency test and the clock
drawing test.
Quantification of Hippocampal Volume
and Hippocampal Atrophy
ADNI neuroimaging project has previously
been reported in detail14. The images of this study
were raw uncorrected 1.5T T1-weighted high-res-

olution 3D structural data. The cortical reconstruction and the volume segmentation were completed by FreeSurfer image suite version 4.315. We
then processed the continuous scans by using an
earlier version of the longitudinal image-processing framework16. The left hippocampal volume
and the intracranial volume (ICV) were determined by FreeSurfer, and the left hippocampal
volume was the primary outcome, including ICV
as a covariate in the volume analysis17.
Experiment on the Main Effect of
VEGF on the Brain Aging
The baseline effects of three results (left hippocampal volume, ADNI-MEM, ADNI-EF) were
examined by general linear models. Based on the
baseline time of each participant, a hybrid regression time model was established for longitudinal
analysis. Then we re-adjusted the time so that
the slope represented the annual change (baseline time: 365.25 days). The interaction between
VEGF and the time was used to test whether the
3651
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3.3×10-5*
0.013
0.2×10-3*

0.268
0.195
0.539

*The results showed that multiple comparisons (Bonferroni) were significant after correction. #Indicates that there is a diagnostic interaction (p < 0.05).

2.981
0.003
0.007
0.597
0.011
0.565
-0.271
-0.002
-0.0008
2.136×10-12
4.147×10-13
6.015×10-16
0.461
0.001
0.001
4.234×10-7
4.517×10-11
3.523×10-11
0.013
4.628×10-5*
2.77×10-3*

Longitudinal results		
Hippocampal volume	  78.762
Episodic memory	   0.264
Executive ability	   0.273

-0.412
-0.001
-0.001

-4.481
0.006
0.004
0.757
0.951
0.359
1.173
-0.0002
0.005
0.032
0.003
0.066
1.131
0.002
0.001
0.213
0.078
0.015
-0.714
-0.001
-0.002

p-value

β
p-value
p-value

τ protein		

β
p-value

0.009#
0.661
0.169

Main Effect of VEGF on Brain Aging
The increased VEGF was related to the increased hippocampal volume (p < 0.05, Table
II). However, it was not related to the episodic
memory or executive ability. In the longitudinal
analysis, the VEGF increased with the reduction
of the hippocampal atrophy (p < 0.05, Figure 1),
the episodic memory decreased with the time

Section results
Hippocampal volume
567.197
Episodic memory	  0.113
Executive ability	  0.442

Results

β
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Statistical Analysis
All data analysis was completed by R (Version 2.15.2). The covariates included age, gender,
education, cognitive diagnosis and ICV (Neural
imaging analysis). The variance test level was
α= 0.05.

VEGF		

TR

Exploratory Analysis of Modification
Factor Diagnosis
All significant major effects and interactions of
VEGF were assessed, and normal controls (NC)
were used as indicators.

Table II. The association between VEGF and brain aging variables.

A

β

Aβ-42		

VEGF×Aβ-42

Determination of Interactions Between
Biomarkers of VEGF and CSF in
the Brain Aging
To enhance the neuro-protective effect of
VEGF in AD, we have to evaluate the interaction
between the AD biomarkers (Aβ-42 or total τ
protein) in VEGF and CSF. The predictive factors
included the level of VEGF, the level of biomarkers (Aβ-42 or total τ protein) and the interactions
between biomarkers. The longitudinal analysis
included time x VEGF x biomarker interaction
terms to assess the interactions between VEGF
and the levels of biomarkers, and whether they
were related to the changes in hippocampal volume, memory, and executive ability. For the sake
of illustration, in all analyses, AD biomarkers
were regarded as continuous variables in CSF
and the biomarker groups were identified based
on the segmentation point (Aβ-42 positive ≤ 192,
τ protein positive ≥ 93.00)18.

β
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VEGF × τ protein

level of VEGF in the follow-up period was related
to the changes of the corresponding results (left
hippocampal volume, ADNI-MEM, ADNI-EF).
Also, we evaluated the τ protein and Aβ-42 in the
independent model, and compared it with VEGF.
We also tested the interaction between Aβ-42 and
τ protein in VEGF and CSF through Pearson’s
correlation coefficient.

p-value
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Effect of VEGF on neuronal degeneration and interaction between AD biomarkers

Figure 1. Correlation of VEGF and hippocampal atrophy. Note: the X-axis represents the level of CSF in the VEGF, the
Y-axis represents the left hippocampal volume. Higher VEGF levels are associated with slower hippocampal atrophy.

The Aβ-42 (r = 0.222, n = 279, p < 0.001, Figure 2) and the τ protein (r = 0.294, n = 279, p <
0.001, Figure 3) in CSF were associated with the
VEGF.

RE

TR

A

decay (p < 0.0001, Figure 2) and the executive
ability decreased with time decay (p < 0.05,
Figure 3). In all cases, high VEGF levels were
associated with better brain aging outcomes.

Figure 2. Correlation between VEGF and longitudinal memory performance in amyloid-positive individuals. Note: the
X-axis represents the level of CSF in the VEGF, the Y-axis represents a change in the performance of the composite memory
each year. The biomarker group is for illustrative purposes only, and amyloid grouping is based on a previously determined
positive cut-off value of amyloid (Aβ-42 ≤ 192.00 in CSF).
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Figure 3. Longitudinal analysis of individual τ protein positive, VEGF and cognitive performance and hippocampal atrophy.
Note: the X-axis represents the level of VEGF in the CSF. Biomarker group is for illustration only; τ protein positive group is
based on the previously determined positive cut-off value of τ protein (τ protein positive ≥ 93.00). A, The Y-axis represents a
change in annual executive capacity B, The X-axis represents changes in hippocampal volume per year.

Interaction Between VEGF and Aβ-42 in
the Brain Aging
On hippocampal volume, memory performance
and baseline executive performance, VEGF did
not interact with Aβ-42. In the longitudinal analysis, the changes in memory performance were
recorded to show the interactions between VEGF
and Aβ-42 (p < 0.05). As shown in Figure 2, high
VEGF levels were associated with better memory performance at low Aβ-42 levels (amyloid
3654

positive). About the hippocampal atrophy and
the changes in executive performance during the
follow-ups, the interactions between VEGF and
Aβ-42 were not obvious.
Interaction of VEGF and τ Protein in
Brain Aging
On hippocampal volume, memory performance and baseline executive performance,
VEGF did not interact with τ protein. In the lon-

Effect of VEGF on neuronal degeneration and interaction between AD biomarkers

Modified Effect of Diagnosis
Regarding the hippocampal volume, the protective effect of VEGF was only observed in mild
cognitive impairment (MCI) when compared
with normal controls (NC), and the VEGF can be
considered as interaction with diagnostic status
(p < 0.05). In the longitudinal analysis, there was
no difference in the role of VEGF between different diagnostic categories.

Discussion

perfusion with anti-angiogenesis20,21. In vivo,
the cerebral hypoperfusion was a common
phenomenon of AD, which occurred in the posterior cingulate gyrus and the anterior wedge
region, and was then developed to the medial
temporal region, including the hippocampus22.
If the neuroprotective effect of VEGF was
altered, it may be particularly beneficial for
older adults without clinically symptomatic
seizures, but with positive AD biomarkers.
The subsequent recombination of VEGF and
neurodegeneration needed to be performed,
in particular the possible mechanisms of action (e.g. perfusion) to elucidate the neuro-protective pathways. The interaction of VEGF
and biomarkers indicated that in AD positive
biomarkers, especially the individuals with τ
protein positive, the protective effect of VEGF
was the strongest. To predict the longitudinal
changes of hippocampal volume, memory and
executive ability, the observed VEGF and τ
protein had strong interaction. When the longitudinal changes were predicted in the memory
performance, the interaction not only occurred
in one aspect of the pathogenesis of AD, but
also was found between VEGF and Aβ-42. A
previous study reported that VEGF had protective effects on the hippocampus of APP
transgenic mice, as well as in Aβ-42 positive
individuals, but the interactions of VEGF and
Aβ-42 regarding hippocampus volume were
not observed7. This inconsistency may result
in because VEGF and Aβ-42 were continuous variables rather than the binary variables
although the interactions suggested the relationship between VEGF and neuronal degeneration. The negative and positive biomarker
on VEGF was likely the major potential effects. We also observed the interaction between
VEGF and diagnosis, and the effect of VEGF
on baseline hippocampal volume was strongly
associated with the MCI participants. When
we stratified the results based on the diagnostic categories, the results were mainly from
the MCI group. The diagnostic interactions
and the stratification results clearly suggested
that VEGF may be the most associated in individuals with the highest risk of neurological
deterioration in the future. There are several
possible mechanisms for VEGF to reduce the
risk of neurodegeneration. One possibility is
that VEGF causes a reduction in AD pathology
markers. Previous studies22 have demonstrated
that amyloid and τ protein can be reduced by
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gitudinal analysis, the changes in memory performance (t (1610) =2.493, p = 0.013) and executive
performance (t (1597) = 3.714, p = 0.0002) were
recorded to show the interactions between VEGF
and τ protein (p < 0.05) with regard to hippocampal atrophy (t (845) = 4.172, p < 0.0001) during
follow-up. As shown in Figure 3, in all cases,
the high level of τ protein (τ protein positive)
and high VEGF level were related to the sound
performance of the longitudinal ability and the
longitudinal hippocampal volume.
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This study evaluated whether VEGF was
associated with the reduced neurodegeneration
and cognitive decline in the elderly. Higher
VEGF levels were associated with the greater baseline hippocampal volume, less hippocampal atrophy over time, and less cognitive
decline associated with time. The neuro-protective effect of VEGF was the strongest when
the AD biomarkers elevated the most, which
was consistent with the data of Aβ-42 participants as previously reported19, which suggested
that the angiogenic factors were particularly important in individuals with early AD
symptoms. The baseline effect of VEGF was
also strong in MCI participants. When the
stratified analysis was performed, the majority
interactions were affected by MCI group. The
neuro-protective effects of VEGF in CSF and
the high VEGF levels in serum were consistent with the decrease in AD risks, and the
AD cases found in ADNI were consistent with
VEGF in controls 4,11. Our study observed that
the neuro-protective effects were likely to have
strong implications for potential interventions
in regarding the VEGF on different brain aging outcomes19. For example, VEGF played an
important role in maintaining the homeostasis
of nerve perfusion 3. In the rat experiment,
inhibition of VEGF levels led to the reduced
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This study evaluated whether VEGF was associated with the reduced neuro-degeneration
and cognitive decline in the elderly people. The
higher VEGF levels were associated with the
greater baseline hippocampal volume, less hippocampal atrophy over time, and less cognitive
decline associated with time. The protective
effect of VEGF was the strongest when the
AD biological markers increased, especially in
individual with AD positive biomarkers and τ
protein positive. In prognosis of the longitudinal
changes in the hippocampal volume, memory and executive ability, we observed that the
VEGF and τ protein had strong interactions.
VEGF and Aβ-42 also interacted each other
when prognosing the longitudinal changes in
memory performance.
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