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Abstract

INTRODUCTION: Vascular pathology is known to contribute to dementia and vascular
endothelial growth factor (VEGF) is a well-established biomarker associated with vas-
cular alterations. Nonetheless, research findings on VEGF in Alzheimer’s disease (AD)
and vascular dementia (VaD) are inconsistent across various studies.

METHODS: We conducted a meta-analysis to elucidate relationships between VEGF
and AD/VaD.

RESULTS: Twenty-four studies were included. Pooled data showed that both blood and
cerebrospinal fluid (CSF) VEGF levels were higher in VaD patients, whereas no signif-
icant difference was found between AD patients and healthy controls. However, the
correlation between blood VEGF and AD was found among studies with AD pathology
verification. And blood VEGF levels were higher in AD patients than controls in “age
difference < 5 years” subgroup and CSF samples for European cohorts.

DISCUSSION: This study highlights that VEGF is more effective for the diagnosis of
VaD and vascular factors are also an important contributor in AD.

KEYWORDS

Alzheimer’s disease, biomarker, meta-analysis, vascular dementia, vascular endothelial growth
factor

Highlights
» Vascular endothelial growth factor (VEGF) levels were higher in the vascular

dementia group, but not in the overall Alzheimer’s disease (AD) group.
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1 | INTRODUCTION

Alzheimer disease (AD) and vascular dementia (VaD) are two major
types of dementia and account for most cases of dementia. AD is char-
acterized pathologically by tau neurofibrillary tangles and amyloid beta
(AB) plaques.! VaD occurs due to cerebral ischemia and is linked to
multiple vascular risk factors such as arterial disease, hemodynamic
changes, hemorrhage, and hematological factors.2 AD and VaD share
several risk factors, such as vascular alterations.3 The presence of vas-
cular pathology heightens the risk of developing dementia. Vascular
risk factors not only contribute to VaD, but also play a crucial role
in the development of AD.* Furthermore, evidence suggests that vas-
cular changes may arise prior to the onset of amyloidosis during the
preclinical phase of AD.>

Vascular endothelial growth factor (VEGF), a natural growth fac-
tor encoded by the VEGFA gene, participates in physiological processes
relating to blood vessels and metabolism, including blood vessel
growth, endothelial cell destruction, oxygen and glucose delivery, and
blood vessel permeability.®” Considering vascular factors and the role
of VEGF in AD and VaD, numerous studies have evaluated the diagnos-
tic capability of VEGF for different types of dementia in humans. Some
studies have found significant differences in blood or cerebrospinal
fluid (CSF) levels between AD or VaD subjects and cognitively nor-
mal (CN) subjects, suggesting the possibility of diagnosing these two
forms of dementia. However, the results of the present study are
less conclusive,® with some studies finding an increase in blood VEGF
among AD patients and a decrease in other cases.” 10 Similarly, some
studies indicate no change in CSF VEGF levels among patients with
VaD,!! while others demonstrate a significant increase in CSF VEGF
levels.12 Furthermore, the sensitivity and specificity of VEGF for the
two most common types of dementia are not well understood.

Therefore, this meta-analysis, combined with a network meta-
analysis, investigated whether AD, VaD, and mild cognitive impairment
(MCI) are associated with changes in VEGF levels in the blood and
CSF, to clarify the identification and diagnostic significance of VEGF for

these two major types of dementia.

2 | MATERIALS AND METHODS
2.1 | Search strategy

Two investigators independently performed a systematic review of

English language literature from “PubMed”, “Scopus”, “Web of Sci-

* Correlation between VEGF and AD was found among studies with clear AD
pathological verification.

* Elevated VEGF in the cerebrospinal fluid might be a diagnostic marker for AD in
European populations.

ence”’, “Embase”, and “Ovid” databases. The key search terms vascular
endothelial growth factor OR VEGF AND vascular dementia OR cog-
nitive impairment OR dementia OR Alzheimer Disease were used for
each database. Databases were searched until April 15, 2023. Specific

search records can be found in the supporting information.

2.2 | Inclusion and exclusion criteria

The eligible studies that were included in this meta-analysis: (1)
investigated the relationship between the blood or CSF VEGF levels
and AD/MCI/VaD risk; (2) contained a case group of patients with
AD/MCI/VaD and a group of CN; (3) contained the clinical criteria that
were used to diagnose AD/MCI/VaD; (4) provided VEGF data; (5) were
studies performed in humans; (6) had full text in English.

The exclusion criteria included the following: (1) no relevant data on
VEGF concentrations; (2) only one group of subjects was reported; (3)
the same cohort of subjects was reported repeatedly; (4) brain tissue or
post mortem samples; (5) the study types were non-human studies, case
reports, commentaries, reviews, meta-analyses, conference abstracts,

or unrelated topics.

2.3 | Data extraction

Information regarding the first author, year of publication, study
location (country), study design, number of patients and controls, diag-
nostic criteria, average age of each group, sex distribution of each
group, sampling type (blood serum, blood plasma, or CSF), patient
medication and measurement method (enzyme-linked immunosor-
bent assay [ELISA]; others), apolipoprotein E (APOE) ¢4 carriers
frequency, AD pathology verification (yes or no), VEGF concentra-
tions including the mean and standard deviation (SD) or median
and interquartile range (IQR) or median and the minimum and max-
imum were extracted from the included studies. If the case or
control groups were further divided into subgroups, the data from

o mXgtngk
the subgroups were merged as n=nyq + ny, x = 2212 and SD =
nq+ny

nin

_1)SD2-+(n,—1)SD2 2
(n1-1)SD7 +(n~1)5D3+ 7472

(2 +x2-2%1%7)

. When a study provided medi-

ny+np—1
ans and IQRs (insitta;d of means and SDs), without the minimum or
maximum values, we treated the medians as the means and calculated
the SDs as SD = IQR/1.35.13 If the study provided the minimum and
maximum, we imputed the means and SDs as described by Hozo et al.1*

For studies which only showed mean (u) and variance (o2) of log data,
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we converted to the original mean and variance referring to formula of
exp(u + %2) and [exp(c2) — 1] exp(2u + g2).1>1¢

The data extraction was performed by two investigators indepen-
dently in the case of incorrect or missing data. Any disputes were
resolved by discussion with a third author during data extraction.

2.4 | Quality evaluation

The quality of included studies was evaluated based on the Newcastle-
Ottawa Scale (NOS) recommended by the Agency for Healthcare
Research and Quality (AHQR) of the United States. Comparability of
the cases and controls based on the design or analysis was evaluated
based on whether the age and sex matched. The methodological quality
of the cross-sectional studies included was assessed using an 11-item
checklist recommended by the AHRQ. The studies with NOS scores <
5, or AHRQ scores < 4 were recognized to be of inferior quality and

therefore excluded (see Tables S1, S2 in supporting information).

2.5 | Statistical analysis

The VEGF levels were compared between AD/MCI/VaD and CN by
calculating the pooled standardized mean difference (SMD). SMD and
two-sided 95% confidence intervals (Cls) were used as the summary
statistics for the meta-analysis. SMD is the mean difference in the out-
come between cases and controls divided by the pooled SD, which
gives the result of a unit free effect size. The significance of the
pooled SMD was determined using a Z test, and the level was set at
P < 0.05. Heterogeneity across the studies was assessed using the Q
test and the |2 statistic. Random-effect models were chosen for the
meta-analysis.

Network meta-analysis is a generalization of pairwise meta-analysis
that compares all pairs of different classifications within a number
of diseases for the same condition.’” To discriminate AD, MCI, and
VaD, we assessed the comparative value of VEGF in these dementia
diseases using network meta-analysis. Between-studies heterogeneity
was tested using the “network sidesplit” command. Direct and indi-
rect comparison effects were jointly estimated using the node-splitting
method. The output reports the estimated direct and indirect compar-
isons and their difference; the P value for the difference is a test of
consistency (Table S3 in supporting information).

To analyze the potential influences of age difference, sex difference,
sampling type, and study location, we performed a subgroup analysis.
Subgroup analyses based on age difference (< 5 years or > 5 years),
sampling type (blood or CSF), study location (European, East Asia, etc.),
and measurement method (ELISA or other) were performed. A meta-
regression with restricted maximum likelihood estimation (REML)
was performed to assess the potentially important covariate exerting
substantial impact on the between-study heterogeneity. The age dif-
ference (< 5 years or > 5 years), sampling type (blood or CSF), study
location (European, East Asia, etc.), and measurement method (ELISA

or others) were included in the meta-regression analysis. For the liter-

Disease Monitoring

RESEARCH IN CONTEXT

1. Systematic review: Vascular pathology is an important
contributor to dementia. Vascular endothelial growth fac-
tor (VEGF) is a well-established biomarker associated
with vascular alterations. However, the findings regard-
ing the relationship between VEGF and dementia remain
inconclusive. We reviewed the literatureliters on VEGF in
Alzheimer’s disease (AD), mild cognitive impairment, and
vascular dementia.

2. Interpretation: Our findings suggest that VEGF is effec-
tive for the diagnosis of vascular dementia, and vascular
factors cannot be ignored in dementia, including AD.

3. Future directions: The failure to find significant changes
in VEGF in AD similar to vascular dementia is mainly
because AD is a more complex neurodegenerative dis-
ease and the results are influenced by many factors. The
presence or absence of definite AD pathology strongly
influences results of VEGF in AD, so future studies should
consider AD pathology verification. Improved age match-
ing could also reduce the heterogeneity of AD biomarker
research and strengthen the reliability of findings.

ature that provided the frequency of APOE ¢4 alleles, we also analyzed
the relationship between APOE &4 carriers frequency and SMD in the
AD group using meta-regression.

A funnel plot asymmetry was assessed using an Egger linear regres-
sion test, with P < 0.05 representing significant publication bias. The
sensitivity analysis was performed by sequentially excluding the indi-
vidual studies to assess the stability of the results. All the analyses were
performed using STATA 12.0 software (Stata Corporation). The signif-
icance level for all statistical tests was set at a two-sided P value of <
0.05.

3 | RESULTS

3.1 | Study selection and characteristics

The initial search generated 702 records from PubMed, 959 from Web
of Science, 2495 from Embase, 406 from Scopus, and 3905 from Ovid.
After the removal of duplicates and screening of titles and abstracts,
138 relevant articles were selected for full-text evaluation. Of these,
111 records were excluded due to: not blood or CSF sample (n = 18),
no detailed data available (n = 14), only one group or no detailed group
(n=27), reviews or meta-analyses (n = 3), not written in English (n = 1),
no VEGF level and AD/MCI/VaD (n = 28), abstract (n = 19), and dupli-
cate sample (n = 1). There were four studies from the Alzheimer’s
Disease Neuroimaging Initiative (ADNI) dataset, 82! and we retained

one of the latest studies and excluded the others.2° Finally, we
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Literature searching through database (n=8467)
1.PubMed: n=702
2.Scopus: n=406
3.Web of Science: n=959
4.Embase: n=2495
5.0vid: n=3905

Records after duplicates removal (n=6498)

Records excluded after screening of
titles and/or abstracts (n=6360)

Records retrieved for more detailed evaluation
(n=138)

Records excluded (n=114):

O Not blood or CSF sample (n=18)

O No detailed data available (n=14)

0 One group or No detailed group(n=27)
O Reviews and meta-analyses(n=3)

O Not written by English(n=1)

O Not VEGF level and AD/MCI/VaD(n=28)
O Abstract(n=19)

O Duplicate sample (n=4)

24 Studies pooled in
meta-analysis

FIGURE 1 Preferred reporting items for systematic reviews and
meta-analyses (PRISMA) flow diagram of the study-selection process.
AD, Alzheimer’s disease; CSF, cerebrospinal fluid; MCI, mild cognitive
impairment; VaD, vascular dementia; VEGF, vascular endothelial
growth factor.

identified 24 studies using our inclusion and exclusion criteria. A flow
diagram of the study selection is displayed in Figure 1.

Data from the 24 studies included in this meta-analysis were col-
lected from either the publication or through direct communication
with the authors as required. Study characteristics were described
in Table 1 and Table S4 in supporting information. Among these, 22
studies researched the association between VEGF levels and AD. The
total sample sizes were 3484 including 1341 cases and 2143 con-
trols. The average ages of each study ranged from 63 to 81.9 years
for AD patients and 64.5 to 79.8 years for CN. Twenty-one stud-
ies documented the sex information of the two groups. Males ranged
from 20% to70% for AD patients and 23.81% to 66.67% for CN.
Seventeen (77.27%) studies reported blood VEGF levels and only 5
(22.73%) studies reported CSF VEGF levels. Furthermore, there were
10 and 4 studies reporting the VEGF levels data of MCI and VaD,

respectively.

3.2 | Association between the VEGF levels and
AD/MCI/VaD in all eligible comparisons

Meta-analyses were performed to detect the association between the
VEGEF levels and AD/MCI/VaD risk. The total results showed VEGF
level was not associated with AD risk. The pooled SMD using arandom-
effects model was 0.01 (95% Cl: —0.38 t0 0.39, P = 0.967; I2 = 94.6%;
Figure 2). We also found no correlation between VEGF levels and MCI
patients in 10 studies (SMD = 0.05, 95% CI [-0.61, 0.70], P = 0.892;
12 = 96.8%; Figure 2). The meta-analysis of four studies which pro-

vided comparisons between VaD and controls showed that a higher

VEGF level was associated with increased VaD risk (SMD = 0.45, 95%
C1[0.13,0.76], P = 0.005; I? = 58.0%; Figure 2).

3.3 | Comparative value of VEGF in different
neurodegenerative dementia patients

To discriminate among AD, MCI, and VaD, we assessed the value of
VEGF inthese dementia diseases using network meta-analysis (Figures
S1, S2 in supporting information). The comparative value of VEGF is
shown in Figure S3 in supporting information. Among the AD, MCl, and
VaD cases, compared to controls, all of the included dementia diseases
were not associated with significant increases in VEGF expression lev-
els (AD: SMD =0.14, 95% CI [-0.43,0.71]; MCI: SMD = —-0.04, 95% Cl
[-0.79,0.72]; VaD: SMD = -0.17, 95% CI [-1.34, 1.01]). Comparing AD
and other dementia diseases, no significant difference was observed in
MCI (SMD = -0.18,95% CI[-0.97,0.62]) and VaD (SMD = -0.31, 95%
Cl [-1.48,0.87]). There was no significant difference in VEGF levels
comparing MCl and VaD.

3.4 | Subgroup analysis for AD

Subgroup analysis of the 22 AD comparisons according to whether
the study diagnostic criteria contained AD pathology was conducted.
Seven studies had further confirmation of AD pathology and 15 had no
information about further pathology verification. The subgroup anal-
ysis of “with pathology verification” showed a higher VEGF in AD
patients and there was little heterogeneity among the studies (with
verification: SMD = 0.33, 95% Cl [0.13, 0.53], P = 0.001; 12 = 18.0%;
Figure 3A). VEGF levels were not associated with AD in the “no rel-
ative pathology information” subgroup analysis (SMD = —-0.17, 95%
ClI[-0.72,0.37], P = 0.532; I? = 96.3%). When distinguishing the sub-
groups by sex difference, VEGF levels were associated with AD in “sex
difference < 5%” subgroup (SMD = -0.80, 95% CI [-1.59, —0.01],
P =0.048; 12 = 96.4%), and were not associated with AD in the “sex dif-
ference > 5%” subgroup (SMD = 0.36, 95% CI [-0.14,0.86], P = 0.156;
|2 = 93.9%; Figure 3B).

We also conducted subgroup analysis on additional factors that
could affect AD. For other subgroup analyses based on age difference
(< 5 years or > 5 years), sampling type (blood or CSF), study location
(European, East Asia, etc.), and measurement method (ELISA or others),
the heterogeneity within each subgroup remained high, and the results
showed VEGF levels were not associated with AD (Figures S4-S7 in

supporting information).

3.5 | Subgroup analysis for AD in the European
population

Most AD enrollment studies (n = 11) are from European population
cohorts. Although there was no evidence of an association between

VEGF and AD in the overall European cohort, we used subgroup
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disease and study

AD

Janelidze,S. et al._2017
Koca,S. et al._2022
Mateo,|. et al._2007
Menne,F et al._2022
Alvareza X, et.al_2018
Chakraborty, et al._2018
Chiappelli, M, et al_2006
Corsi M, et al_2011
Tarkowski, E., et al._2002
Schipke, C.G., et al._2019
Trares, K., et al_2022
Huang,L. etal._2013
Jung,J. et al._2015
Kim,Y.N.etal._2012
Liang,C.S. et al._2021
Chen H, et al_2021 -
Cho, et al_2017

Yu, S., etal._2016

Huang,Y. et al._2020

Callahan, et al_2020

Lourenco,M.V. etal. 2021

Silva, TM.V.D., et al. 2023
Subgroup, DL (I* = 94.6%, p < 0.000)

MCI

Huang,L. etal._2013 —_—
Huang,Y. et al._2020

Janelidze,S. et al._2017

Liang,C.S. etal._2021
Lourenco,M.V. etal. 2021

Alvareza X, et.al_2018

Callahan, et al_2020

Cho, et al_2017

Gertje, et al_2023

Shen, X.N., etal. 2019

Subgroup, DL (I = 96.8%, p < 0.000)

VaD

Janelidze,S. et al._2017
Chakraborty, et al._2018

Tarkowski, E., et al._2002

Trares, K., et al_2022

Subgroup, DL (F = 58.0%, p = 0.068)

Heterogeneity between groups: p = 0.184
Overall, DL (I = 94.9%, p < 0.000)

Disease Monitoring

SMD (95% CI) Weight
0.63 (0.29, 0.97) 2.96
-0.84 (-1.42,-0.26) 2.73
-0.51 (-0.88, -0.14) 2.94
0.07 (-0.30, 0.44) 2.

0.34 (0.06, 0.63) 3.00
0.05 (-0.46, 0.56) 2.80
0.81(0.13,1.48) 262
0.92 (0.07, 1.76) 2.40
0.65 (0.06, 1.25) 271
0.13 (-0.18, 0.44) 2.98
0.27 (0.1, 0.44) 3.07
-7.35 (-8.78, -5.92) 1.70
0.33 (-0.15, 0.81) 2.

0.91 (0.24,1.58) 262
0.51 (-0.17, 1.20) 2.60
-1.77 (-2.28, -1.26) 2.80
2,67 (2.28, 3.07) 2.92
0.29 (-0.13, 0.71) 2.90
-0.47 (-0.80, -0.14) 2.97
0.30 (-0.42, 1.02) 256
0.31 (-0.35, 0.97) 2,

-0.55 (-1.02, -0.07) 2.84
0.01(-0.38,0.39) 60.55
-3.80 (-4.68, -2.92) 236
-0.14 (-0.41, 0.13) 301
0.27 (-0.08, 0.62) 2.95
0.24 (-0.39, 0.87) 2567
-0.44 (-1.10, 0.22) 263
0.16 (-0.23, 0.54) 2.93
1.03(0.34,1.72) 2,60
3.02 (2.60, 3.44) 2.90
0.16 (0.00, 0.31) 3.07
-0.47 (-0.84, -0.10) 2.93
0.05 (-0.61,0.70) 28.06
0.94 (0.48, 1.40) 2.85
0.33 (-0.28, 0.94) 2.70
0.00 (-0.54, 0.54) 2.77
0.43 (0.28, 0.59) 3.07
0.45 (0.13, 0.76) 11.39
0.08 (-0.20, 0.36) 100.00

T
-10

NOTE: Weights and test are from model

FIGURE 2 Meta-analysis using a random-effects model between AD/MCI/VaD group and control group. AD, Alzheimer’s disease; Cl,
confidence interval; MCI, mild cognitive impairment; SMD, standardized mean difference; VaD, vascular dementia.

analysis to minimize the heterogeneity of the studies and identify
meaningful, high-quality studies. There were 10 studies that provided
mean age information of the two groups, and five had an age dif-
ference > 5 years, and five had an age difference < 5 years. When
distinguishing the subgroups by age difference, VEGF levels were
higher in AD than in controls in the “age difference < 5 years” sub-
group (SMD = 0.56, 95% CI [0.28, 0.84], P < 0.001; I? = 24.7%), and
were not associated with AD in the “age difference > 5 years” sub-
group (SMD = —0.12, 95% CI [-0.50, 0.26], P = 0.535; |2 = 81.6%;
Figure 4A). We further divided the studies into blood and CSF based
on the sampling source type, and results showed “CSF” subgroup with
higher VEGF levels in AD (SMD = 0.46, 95% C1 [0.08, 0.84], P = 0.016;
12 = 47.6%). There was no association in “blood” subgroup (SMD =0.11,
95% CI [-0.18, 0.39], P = 0.470; I2 = 79.6%; Figure 4B). Four studies
had further confirmation of AD pathology and seven had no informa-
tion about further verification in the 11 European AD comparisons.
The results also showed a higher VEGF level in AD than controls
in “with pathology verification” subgroup for European population
(SMD = 0.34, 95% CI [0.01, 0.68], P = 0.047; I? = 58.5%) but not in
the “no relative pathology information” subgroup (SMD = 0.11, 95%
CI[-0.22,0.44], P = 0.499; I? = 82.4%; Figure 4C). Subgroup analysis
of the 11 comparisons was carried out according to the measure-
ment method. The results suggested that the measurement methods
might not impact the results of the difference in the VEGF levels
between the patients with AD and controls (Figure S8 in supporting

information).

3.6 | Meta-regression analyses

Meta-regression analysis was performed to explore the influence
of sampling source type, age difference, measurement method, AD
pathology verification, and study location on the study effect size. The
result revealed that these five covariates were not the potential fac-
tors exerting substantial impact on the between-study heterogeneity
for AD (all P> 0.05, Table S5 in supporting information).

There were seven studies showing APOE ¢4 carriers frequency; we
did meta-regression analyses between SMD and APOE ¢4+ frequency
in the AD group, and found that APOE ¢4 carriers frequency could
explain 50.31% of the between-study variance (coefficient = —0.06,
standard error [SE] = 0.022, t = —2.54, and P = 0.05; Table Sé6 in
supporting information).

For European AD patients, results of meta-regression analysis
between SMD and age difference showed that age difference could
explain 45.95% of the between-study variance (coefficient = —0.69,
[SE] =0.27,t = —2.57, and P = 0.033, Table S7 in supporting informa-

tion).

3.7 | Sensitivity analysis
In the sensitivity analysis, one eligible study was excluded at a time to
assess the influence of each dataset on the pooled SMD. We observed

no changes in the corresponding pooled SMD or in the significance of
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(A) AD pathology verification

%

AD pathology and study SMD (95% ClI) Weigh
Yes
Janelidze,S. et al._2017 - 0.63 (0.29, 0.97) 4.84
Menne,F.et al._2022 o 0.07 (-0.30, 0.44) 4.81
Chakraborty, et al._2018 — 0.05 (-0.46, 0.56) 4.63
Tarkowski, E., et al._2002 - 0.65 (0.06, 1.25) 4.50
Yu, S., etal._2016 T 0.29 (-0.13, 0.71) 4.75
Callahan, et al_2020 —te— 0.30 (-0.42, 1.02) 4.28
Lourenco,M.V. et al. _2021 T 0.31 (-0.35, 0.97) 4.39
Subgroup, DL (I* = 18.0%, p = 0.293) o 0.33 (0.13, 0.53) 32.20
No
Koca,S. et al._2022 - -0.84 (-1.42, -0.26) 4.52
Mateo,l. et al._2007 B -0.51 (-0.88, -0.14) 4.81
Alvareza X, et.al_2018 - 0.34 (0.06, 0.63) 4.90
Chiappelli, M, et al_2006 —— 0.81 (0.13, 1.48) 4.36
Corsi M, et al_2011 —— 0.92 (0.07, 1.76) 4.05
Schipke, C.G., et al._2019 - 0.13 (-0.18, 0.44) 4.87
Trares, K., et al_2022 - 0.27 (0.11, 0.44) 4.99
Huang,L. et al._2013 —— -7.35(-8.78, -5.92) 2.98
Jung,J. et al._2015 T 0.33 (-0.15, 0.81) 4.67
Kim,Y.N.et al._2012 —— 0.91 (0.24, 1.58) 4.37
Liang,C.S. et al._2021 e 0.51 (-0.17, 1.20) 4.34
Chen H, et al_2021 -1.77 (-2.28, -1.26) 4.63
Cho, et al_2017 2.67 (2.28, 3.07) 4.78
Huang,Y. et al._2020 - -0.47 (-0.80, -0.14) 4.85
Silva, T.M.V.D., et al._2023 - -0.55 (-1.02, -0.07) 4.68
Subgroup, DL (I* = 96.3%, p < 0.000) <] -0.17 (-0.72, 0.37) 67.80
Heterogeneity between groups: p = 0.089
Overall, DL (I* = 94.6%, p < 0.000) 0.01 (-0.38, 0.39) 100.00
T T
-10 0 10
NOTE: Weights and between-subgroup heterogeneity test are from random-effects model
(B) sex difference
%
sex_diff and study SMD (95% ClI) Weight
diff sex<5%
Janelidze,S. et al._2017 | = 0.63 (0.29, 0.97) 5.30
Koca,S. et al._2022 ——| -0.84 (-1.42, -0.26) 4.96
Mateo,l. et al._2007 = -0.51 (-0.88, -0.14) 5.27
Trares, K., et al_2022 |+ 0.27 (0.11, 0.44) 5.46
Huang,L. et al._2013 — 1 -7.35 (-8.78, -5.92) 3.31
Kim,Y.N.et al._2012 | = 0.91 (0.24, 1.58) 4.80
Liang,C.S. et al._2021 bl 0.51 (-0.17, 1.20) 4.77
Chen H, et al_2021 | -1.77 (-2.28, -1.26) 5.07
Subgroup, DL (I = 96.4%, p < 0.000) < -0.80 (-1.59,-0.01) 38.94
diff sex>5% ;
Menne,F.et al._2022 » 0.07 (-0.30, 0.44) 5.27
Alvareza X, et.al_2018 = 0.34 (0.06, 0.63) 5.36
Chakraborty, et al._2018 - 0.05 (-0.46, 0.56) 5.07
Corsi M, et al_2011 = 0.92 (0.07, 1.76) 4.46
Schipke, C.G., et al._2019 i 0.13 (-0.18, 0.44) 5.34
Jung,J. etal._2015 o 0.33 (-0.15, 0.81) 5.12
Cho, et al_2017 l 2.67 (2.28, 3.07) 5.24
Yu, S., etal._2016 - 0.29 (-0.13, 0.71) 5.21
Huang,Y. et al._2020 = -0.47 (-0.80, -0.14) 5.32
Callahan, et al_2020 —— 0.30 (-0.42, 1.02) 4.71
Lourenco,M.V. et al. _2021 e 0.31 (-0.35, 0.97) 4.82
Silva, T.M.V.D, et al._2023 -+ -0.55 (-1.02, -0.07) 5.13
Subgroup, DL (I* = 93.9%, p < 0.000) ‘<> 0.36 (-0.14, 0.86) 61.06
Heterogeneity between groups: p = 0.015 l
Overall, DL (I* = 95.1%, p < 0.000) -0.06 (-0.48, 0.35) 100.00
I T
-10 0 10

NOTE: Weights and between-subgroup heterogeneity test are from random-effects model

FIGURE 3 AD pathology verification (A) and sex difference (B) subgroups analysis using a random-effects model between AD group and
control group. AD, Alzheimer’s disease; Cl, confidence interval; SMD, standardized mean difference.
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FIGURE 4 Agedifference (A), sample source (A) age difference
type (B), and AD pathology verification (C)

subgroups analysis using a random-effects model age_diff and study

between AD group and control group in European

. . s . . diff age <5
popl{Iat|on..AD, Alzheimer’s dlsease., Cl, Janelidze.S. ot al. 2017
confidence interval; SMD, standardized mean Chakraborty, et al._2018

difference. Chiappelli, M, et al_2006
Corsi M, et al_2011
Tarkowski, E., et al._2002
Subgroup, DL (I* = 24.7%, p = 0.257)

diff age >5

Koca,S. et al._2022 —_—

Mateo,l. et al._2007

Menne,F.et al._2022

Alvareza X, et.al_2018

Schipke, C.G., et al._2019
Subgroup, DL (I* = 81.6%, p < 0.000)

Heterogeneity between groups: p = 0.005
Overall, DL (I° = 78.9%, p < 0.000)
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%
SMD (95% Cl)  Weight

063(0.29,097) 1154
0.05(-0.46,0.56)  9.72
0.81(0.13,148)  8.03
0.92(0.07,1.76)  6.49
0.65(0.06,1.25)  8.83
056 (0.28,0.84)  44.61

-0.84 (-142,-0.26) 8.98
-0.51(-0.88, -0.14) 11.22
0.07 (-0.30,0.44) 11.26
0.34 (0.06,063) 12.09
0.13(-0.18,0.44) 11.84
-0.12 (-0.50, 0.26) 55.39

0.19 (-0.11, 0.49) 100.00

-2 0
(B) sample source type
%
Sample source and study SMD (95% CI) Weight
CSF
Janelidze,S. et al._2017 | — 0.63(0.29,0.97) 10.49
Chakraborty, et al._2018 R 0.05 (-0.46, 0.56) 8.31
I
Tarkowski, E., et al._2002 T — 0.65 (0.06, 1.25) 7.33
Subgroup, DL (I* = 47.6%, p = 0.148) < 0.46 (0.08,0.84)  26.14
|
blood 1
Koca,S. et al._2022 —_— -0.84 (-1.42,-0.26) 7.49
Mateo,|. et al._2007 —_— I -0.51(-0.88, -0.14) 10.09
Menne,F et al._2022 — 0.07 (-0.30,0.44) 10.14
|
Alvareza X, et.al_2018 —|— 0.34 (0.06,0.63) 11.22
Chiappelli, M, et al_2006 — 0.81(0.13, 1.48) 6.50
Corsi M, etal_2011 —_— 0.92 (0.07, 1.76) 5.01
Schipke, C.G., etal._2019 — e 0.13(-0.18,0.44) 10.88
i
Trares, K., et al_2022 —— 0.27(0.11,0.44)  12.53
Subgroup, DL (I = 79.6%, p < 0.000) | 0.11(-0.18,0.39) 73.86
i
Heterogeneity between groups: p = 0.140 i
Overall, DL (I = 77.0%, p < 0.000) <> 0.20 (-0.04, 0.44) 100.00
T
-2 0
(C) AD pathology verification
%
AD pathology and study SMD (95% CI) Weight
Yes
Janelidze,S. et al._2017 | 0.63(0.29,0.97) 10.49
Menne,F et al._2022 e 0.07 (-0.30, 0.44) 10.14
I
Chakraborty, et al._2018 —_— 0.05 (-0.46, 0.56) 8.31
Tarkowski, E., et al._2002 —_—— 0.65 (0.06, 1.25) 7.33
Subgroup, DL (I = 58.5%, p = 0.065) ; 0.34(0.01,0.68)  36.28
|
No 3
Koca,S. et al._2022 —_— 1 -0.84 (-1.42,-0.26) 7.49
Mateo,|. et al._2007 —_— | -0.51(-0.88, -0.14) 10.09
Alvareza X, et.al_2018 —— 0.34 (0.06, 0.63) 11.22
Chiappelli, M, et al_2006 — 0.81(0.13,1.48)  6.50
|
Corsi M, et al_2011 —_— 0.92(0.07, 1.76) 5.01
Schipke, C.G., etal._2019 — e 0.13(-0.18,0.44) 10.88
|
Trares, K., et al_2022 - 0.27 (0.11,0.44) 1253
Subgroup, DL (I = 82.4%, p < 0.000) ! 0.11(-0.22,0.44) 63.72
T
|
Heterogeneity between groups: p = 0.339 |
Overall, DL (I = 77.0%, p < 0.000) <> 0.20 (-0.04, 0.44) 100.00
T
-2 0

NOTE: Weights and bety bgroup test are from

model
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the results (Figure S9 in supporting information), which indicated that
our results were significantly stable to the study-selection process.

3.8 | Publication bias

The Egger and Begg tests did not indicate evidence of publication bias
(P = 0.978, P = 0.209, respectively). The funnel plot for the overall
results also did not show any significant bias (Figure S10 in supporting

information).

4 | DISCUSSION

Twenty-four studies were included in this meta-analysis, with 22 exam-
ining AD and CN, 10 examining MCl and CN, and 4 examining VaD and
CN. We found that the included studies did not hypothesize a direc-
tion of action, nor did they suggest that VEGF may be high or low
in AD and VaD. VEGF level differences were not found among AD,
MCI, and VaD through network meta-analysis. The VEGF level was
higher in the VaD group compared to the CN group. However, no dif-
ference was found between the AD and CN groups, nor between the
MCI and CN groups. This implies that both blood and CSF VEGF may
have greater significance in diagnosing and predicting VaD. The corre-
lation between VEGF and AD was stronger when the intergroup was
sex matched. Interestingly, VEGF levels were higher in AD than in con-
trols in the “age difference < 5 years” subgroup and CSF samples for
European cohorts. In addition, the variation of VEGF between AD and
CN groups was impacted by the degree of sex matching used in the
study. Studies with better sex matching displayed a strong association
between VEGF levels and AD, consistently indicating reduced VEGF in
AD groups. Conversely, studies with poorer sex matching showed no
discernible differences in VEGF between AD and CN groups. APOE is
the primary susceptibility gene for AD; our findings demonstrate that
it considerably influences the heterogeneity of VEGF levels in AD.
VaD is a cognitive impairment syndrome resulting from ischemic
stroke, hemorrhagic stroke, and cerebral vascular disease, and is asso-
ciated with dysfunction of the vascular endothelium.2? Therefore,
vascular alterations and related factors exert a substantial impact
on VaD. While AB and tau are the hallmark indicators of AD, vascu-
lar modifications are also significant contributors to AD pathology.
These changes can lead to impaired energy and cerebral blood flow,
and blood-brain barrier degradation, and can facilitate AD-associated
neurodegeneration.? Vascular pathology may also worsen other AD
characteristics such as plaque accumulation, neuron loss, and behav-
joral alterations.2* Some studies propose that there may be vascular
changes that precede the onset of amyloidosis in the preclinical phase
of AD.>25 VEGF, a significant factor in vascular permeability, plays a
vital role in neurogenesis, angiogenesis, and functional recuperation
after hypoxia.2® Numerous studies have documented alterations in
VEGF among patients with AD and VaD. Nevertheless, these findings
lack consistency, and it remains uncertain how sensitive and specific

VEGEF is for distinguishing between the two types of dementia. It is

worth noting that four studies included both the VaD and AD groups
and compared them.!1:1227.28 The VEGF level in the VaD group was
marginally higher than in the AD group and there was no significant
difference in the AD group, indicating that VEGF could be a diagnos-
tic marker for VaD but not for AD. Conceivably, this could arise due to
AD being a more intricate neurodegenerative disorder involving more
complex pathological factors. Furthermore, AD research displays more
heterogeneity than VaD, so VEGF should be used with more caution
in the diagnosis of AD. When damage to vascular and endothelial cells
occurs in the brain, increased VEGF levels may act as a compensatory
protective effect. It is considered an important factor for vasculo-
genic and angiogenic remodeling.2? Although Chakraborty et al. did not
observe a difference between VaD and control groups,?’ this obser-
vation might be due to the age and sex differences between the two
groups in the study cohort. Nevertheless, VEGF still holds some diag-
nostic significance for VaD, and further validation of results can be
achieved by enhancing the quality of the research cohort.

Among overall enrolled AD studies, no significant differences in
VEGEF levels were observed between AD patients and controls, primar-
ily because of the extensive heterogeneity of the studies. To clarify the
relationship between VEGF and AD more clearly, we performed a sub-
group analysis of the included studies. As known, it is crucial to have
pathological verification of AD to reveal any alterations in VEGF. Our
findings show that seven studies were validated by AD pathology, while
the remaining studies lacked such verification. Those studies verified
by AD pathology have demonstrated low heterogeneity and revealed
an elevation of VEGF in AD. In contrast, studies without pathological
verification have shown no significant difference. Based on the findings
of the AD group with rigorous diagnosis and pathological confirmation,
VEGF was found to be elevated in AD. This similarity in elevation is
consistent with the results of four studies that enrolled and compared
VaD and AD. However, the increase in VEGF was more significant in the
VaD group than in the AD group, indicating that VEGF may be more
effective in diagnosing VaD to some extent. Furthermore, this implies
that rigorous diagnostic and pathological verification is crucial for the
quality and reliability of AD biomarker research.

VEGF
populations, with comparatively few studies on
East Asian,1937-42 North American,®-2143 and South American4445

populations. Therefore, we focused on these European populations

Most research on focuses on

11,12,27,28,30-36

European

in the hope of reaching meaningful conclusions. Age, AD pathology
verification, detection methods, and sample sources all significantly
influence AD biomarkers. To further lower the heterogeneity of
European population studies, we performed subgroup analyses based
on the above subgroups. Studies with better age matching and studies
with clear pathological confirmation of AD have lower heterogeneity
and the stronger the correlation between VEGF and AD, showing
changes consistent with the results of the VaD group. Conversely, no
correlation was observed between VEGF and AD in subgroups with
poor age matching and lack of definite pathological verification of AD.
This proposes that the study cohort quality substantially impacts the
results. Some studies have demonstrated that VEGF decreases with

27,46

aging and is affected by age, and age is also a major factor affecting
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the heterogeneity of VEGF studies in a European AD cohort. And, the
availability or lack of clear AD pathological verification will also be
an important factor that cannot be ignored in influencing the results
of AD biomarkers. Furthermore, studies on CSF VEGF exhibited less
heterogeneity than those on blood VEGF levels. Additionally, CSF
VEGF levels were elevated in the AD group and showed association
with AD. These findings indicate that CSF VEGF may be a more
valuable diagnostic indicator of AD than blood VEGF. We observed
no differences with various detection methods, indicating that
these methods do not have a significant impact on changes in VEGF
in AD.

APOE is the most significant genetic risk factor. In meta-regression
analysis, we observed a considerable impact of the proportion of APOE
g4 carriers in both overall and European AD groups on the findings of
VEGEF research. Recent research has indicated that there is a correla-
tion between APOE ¢4 and VEGF gene expressions in the brain, which
affects cognitive functioning.*” The VEGFA AA genotype also presents
an increased cognitive decline in APOE g4+ patients suffering from
AD.3148 Alvarez et al. have discovered that elevated serum VEGF lev-
els were associated with enhanced memory and language abilities in
individuals with moderately severe AD who carry the APOE ¢4 gene
variant.0

There are limitations to our study. Primarily, the limited num-
ber of studies requires further research to substantiate our findings.
Especially for CSF samples, only five items were included and more
data need be included in future studies. Additionally, significant het-
erogeneity was observed among trials, cautioning against definitive
conclusions. Finally, minor unpublished studies could have been missed
as conference proceedings were not incorporated. At the same time,
our study will indicate which factors ought to be taken into account for
future VEGF research on dementia disease for better consistency and
significance.

5 | CONCLUSION

Our research mainly indicated that VEGF is more predictive for the
diagnosis of VaD. However, it also holds reference value in diagnosing
AD in European populations, particularly in CSF. And, age matching and
pathological verification are crucial in improving the quality and relia-
bility of studies on the association between VEGF and AD. Moreover,
APOE ¢4 carriers remains a vital influencing factor in AD. Our research
demonstrates that VEGF has higher effectiveness for identifying and

diagnosing VaD, and more evidence is needed for VEGF to diagnose AD.
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