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ABSTRACT

Alzheimer’s disease (AD), an escalating global public health concern, demonstrates complex pathogenesis involving both genetic
predisposition and vascular components. Blood pressure variability (BPV) has been implicated in neurodegenerative diseases,
but its causal relationship with AD remains unclear. This study aims to explore the causal relationship between BPV and AD by
applying Mendelian randomization (MR) to genome-wide association study (GWAS) summary data. Genetic instruments were
selected from BPV GWAS based on UK Biobank data, ensuring relevance and significance(p < 5 x 10-°). Genetic estimates on
exposure were obtained from three databases: The The International Genomic of Alzheimer’s Project (IGAP); Maternal family
history of AD from UK Biobank (MFH-UKBB), and Paternal family history of AD from UK Biobank (PFH-UKBB). Proxy SNPs were
manually selected if SNPs were not available in the exposure GWAS. Data harmonization was performed to ensure consistency
in effect and reference alleles. Three MR statistical methods were employed to assess causal effects, including inverse variance
weighting (IVW) with random or fixed effect, MR-Egger regression, and the Weighted Median Method. Sensitivity analyses to
evaluate robustness were also employed. Six SNPs associated with systolic BPV and six SNPs associated with diastolic BPV were
included. Significant causal effects of SBPV on AD were found on the PFH-UKBB dataset in all four methods. The odds ratios
for AD per 10-unit increment in SBPV were 1.028, 1.015, and 1.015 for MR-Egger, IVW-MR, and weighted median, respectively. In
contrast, only IVW methods found significant results for DBPV in the MFH-UKBB dataset. SBPV is a possible causal risk factor
for AD, while the evidence for DBPV needs further study. BPV control should be an important treatment target in preventing

dementia.
1 | Introduction ception and communication, placing a heavy burden on families,
communities, and healthcare systems [1-3]. By 2050, the number
Alzheimer’s disease (AD), the most prevalent form of dementia, of individuals diagnosed with Alzheimer’s is projected to reach 90
poses a significant global health challenge for aging populations. ~ million as the population ages [1]. Unfortunately, current phar-
It impairs daily functioning by affecting memory, attention, per- macological therapies offer limited effectiveness in managing
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symptoms [4, 5], and the efficacy of non-pharmacological inter-
ventions remains uncertain. Therefore, identifying modifiable
risk factors for AD is essential for prevention.

Hypertension is a well-established risk factor for AD, with
research on the association between blood pressure and cognitive
decline dating back over 20 years [6]. Recently, attention has
shifted to blood pressure variability (BPV) as an independent
risk factor for Alzheimer’s. The surge of studies in this area
has highlighted BPV’s potential role, with evidence from both
cross-sectional and cohort studies supporting its association with
cognitive impairment [7, 8]. Some animal studies suggested that
BPV might contribute more significantly to end-organ damage
than static blood pressure levels [9]. A meta-analysis of 13
longitudinal studies indicated a relationship between visit-to-
visit BPV and both AD and mild cognitive impairment [10].
Different types of BPV—such as 24-h, day-to-day, and visit-to-visit
variability—might have unique mechanisms that influence the
development of AD [11, 12].

While several studies explored the link between BPV and AD,
many were observational and had limitations in establishing
causation due to confounding factors. Mendelian randomization
(MR) is an emerging statistical method that can help investigate
the causal relationships between risk factors and diseases. Since
SNPs are naturally assigned to different germ cells during meiosis,
like a randomized control study, it avoids the influence of
confounders and reverse causation [13]. However, applying MR
to BPV is complicated by its reliance on longitudinal assessments
rather than single-time measurements. Consequently, genome-
wide association studies (GWAS) investigating BPV’s genetic
architecture remain scarce. To date, few GWAS have explored the
genetic determinants of BPV. Early GWAS with limited sample
sizes (e.g., n = 3802) identified NLGNI as a potential candidate
gene [14], while a more recent UK Biobank study (n = 9370)
reported additional loci associated with visit-to-visit BPV [15].
Nevertheless, the genetic underpinnings of long-term BPV and
its causal relationship with AD pathogenesis remain unresolved.

This study aims to investigate the causal impact of BPV on AD
using a two-sample MR analysis. By utilizing summary-level
GWAS data, we seek to deepen the understanding of the role of
BPV in Alzheimer’s pathogenesis and further explore potential
therapeutic strategies.

2 | Methods

2.1 | Study Design

This two-sample MR analysis utilized summary-level GWAS data
to explore the causal relationship between BPV and AD. This
analysis was structured as illustrated in Figure 1.

2.2 | Data Source

Genetic instrument variables, which indeed could be referred to
as SNPs, for exposure were selected from a visit-to-visit BPV-
related GWAS published in 2022 based on UK Biobank data [15],
ensuring that the selected SNPs were contemporary and relevant.

Genetic estimates for the outcome were obtained from three
databases: The International Genomic of Alzheimer’s Project
(IGAP) [16]; GWAS, which provided summary data utilizing AD
diagnosis as a phenotype; Maternal Family History of AD in the
UK Biobank (MFH-UKBB); and Paternal Family History of AD in
the UK Biobank (PFH-UKBB). Detailed characteristics of these
datasets could be found in Table 1. The IGAP used clinically
diagnosed AD, Maternal Family History, and Paternal Family
History of AD in the UK Biobank, which were extracted from the
questionnaire.

2.3 | Assumptions of MR

The primary assumptions for utilizing an instrumental variable
in this analysis are: (1) Association with BPV: The variant
must be associated with BPV; (2) no confounder association:
the variant should not be linked to any confounders affecting
both BPV and dementia; and (3) no alternative pathways: the
variant must not influence dementia through pathways other
than BPV. Assumptions one and two can be empirically verified
through genetic association studies, assumption three requires
careful consideration due to potential biases from factors such
as linkage disequilibrium and horizontal pleiotropy, which may
distort causal inference.

2.4 | Instrumental Variable Selection

To ensure a strong and reliable association between the SNPs and
both BPV and AD, we established sufficient significance levels.
Genetic instruments were selected based on SNPs achieving
suggestive significance (p < 5x107%) in the BPV GWAS. For SNPs
that were not identified in the dementia GWAS, proxy SNPs were
manually selected within a 5 MB range to maintain statistical
power.

In the BPV GWAS, SNPs were filtered based on the following
statistical criteria: missing genotype rates (<0.015), minor allele
frequency (>0.01), and tests for Hardy-Weinberg equilibrium
violations and linkage disequilibrium. Linkage disequilibrium
was estimated for all variants within a 5 MB range of the
reference SNP, with independent SNPs selected based on a
linkage disequilibrium threshold of * < 0.01.

To validate our genetic instruments variables, we applied specific
exclusion criteria for SNPs: (1) confounding SNPs: to minimize
confounding effects, SNPs associated with potential confounders,
such as hypertension and arterial stiffness, were excluded using
the PhenoScanner GWAS database [17]. (2) Dementia-associated
SNPs: SNPs significantly associated with dementia across IGAP
GWAS, MFH-UKBB, and PFH-UKBB were removed to avoid
inflating causal estimates. (3) Palindromic SNPs: SNPs that were
palindromic with an effect allele frequency between 0.4 and 0.7
were excluded to prevent ambiguity in interpretation.

Data harmonization was applied to ensure consistency in effect
and reference alleles between the BPV and AD GWAS. Alleles
that did not match were adjusted, and the corresponding beta
estimates were modified accordingly. A list of genetic instruments
is reported in Table 2. We retained six SNPs for SBPV and another
six SNPs for DBPV.
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FIGURE 1 | Conceptual framework for SNP identification from genetic variants. *a: the coefficient for the regression of BPV on genetic variants.

*y: the causal effect of BPV on dementia. For a single genetic variant, y=a/p.

TABLE 1 | Description of four data sources of Alzheimer’s disease GWAS.

Sample size

GWAS databases Year Number of SNPs Case Control
The International 2013 7 055 881 17 008 37154
Genomic of Alzheimer’s

Project (IGAP)

UK Biobank (UKB) 2018 9 851 867 55803 767 728
Paternal family history 19 255 380 538
Maternal family 36 548 387190
history

TABLE 2 | Instrument genetic variants for BPV and dementia.
Effect
allele
CHR BP SNP (A1) Reference allele (A2) EAF Locus (gene) Database
Systolic BPV

1 79391059 1s34584627 A G 0.0944 AP003774.1 UKB+IGAP

3 11090603 1535696236 C G 0.1742 SLC6A1 UKB+IGA

7 47047098 rs4720569 C T 0.3172 AC004901.1; UKB+IGA

AC004870.4;
AC004870.3

7 72126227 rs569158324* G T 0.1426 TYWIB UKB

1 64102948 1s574087 G A 0.3808 CCDC88B UKB+IGA

7 156411149 1s849074 C C-G 0.1945 LINC01006 UKB+IGA

Diastolic BPV

5 177405145 1510065231 A T 0.1793 RP11-125214.2 UKB+IGA

15 24322045 1511630824 T C 0.0822 PWRN4 UKB+IGA

5 150250368 rs1277463 A G 0.1096 IRGM UKB+IGA

4 21105955 1s139184666™* A C 0.1076 KCNIP4 NA

4 184257252 1528408355 G T 0.1001 snoU13 UKB+IGA

3 56246822 rs79211524* C T 0.0614 ERC2 NA

Note: 1s569158324 is not available in the IGAP dataset, and proxy SNP (rs55891215) was found in other datasets. rs139184666 is not available on the meta dataset;
proxy SNP (rs73802496) was found in other datasets. rs79211524 was not available on all four datasets, and a proxy SNP (rs34235403) was found for the meta dataset.
Abbreviation: EAF, effect allele frequency.
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2.5 | Statistical Analysis

To enhance the robustness of our findings, we applied three
MR statistical methods. First, inverse variance weighting (IVW)
estimated the inverse variance-weighted coefficient through a
weighted regression of exposure estimates on outcome estimates,
with the intercept constrained to zero [18]. The underlying
assumption was that all SNPs were valid instruments. Both
random and fixed effects methods were employed, for the latter
may yield overly precise estimates in the presence of heterogene-
ity [19]. Second, Mendelian Randomization Egger Regression
(MR-Egger), which involved weighted linear regression without
constraining the intercept to zero [20]. The intercept represented
average pleiotropic effects, and a nonzero intercept indicateed
the presence of directional pleiotropy. MR-Egger could provide
valid estimates even with invalid instruments and served as a
test for overall horizontal pleiotropy [20]. Third, the Weighted
Median Method, which estimated the median of the weighted
empirical distribution of individual SNP ratio estimates [21]. It
offered a consistent effect estimate even when more than 50% of
the instruments were invalid, accommodating broader violations
of assumptions compared to MR-Egger [21].

To assess the reliability of our causal effect estimates, sensitivity
analyses using various MR methods were also conducted: IVW-
MR with random effects, IVW-MR with fixed effects, MR-Egger,
and weighted median MR. Horizontal pleiotropy was specifically
evaluated through the MR-Egger method. To ensure robustness,
we excluded proxy SNPs and repeated the analyses on the
remaining SNPs. Leave-one-out analysis was performed to test
the stability of the results. We also conducted MR analysis using
meta GWAS of IGAP and UKB.

The odds ratios (OR) were calculated to evaluate the relationship
between BPV and the risk of developing AD. The effect size was
expressed as OR with 95% confidence intervals (95% CI), and
a significance level was set at « = 0.05. An OR greater than 1
indicates an increased risk of AD associated with higher BPV. All
data analyses were conducted using R version 4.0.2, employing
relevant statistical packages tailored for MR analysis to ensure
rigorous and reproducible results.

3 | Results

3.1 | Instrument Variables

Table 2 summarizes the characteristics of the selected SNPs for
SBPV and DBPV. For SBPV, five independent SNPs (r* < 0.01)
were chosen as instrument variables for IGAP datasets and six
SNPs for the UKBB datasets. Regarding DBPV, four SNPs and
one proxy SNP (rs73802496) were chosen for IGAP, PFH-UKB,
and MFH-UKB. Four SNPs and one proxy SNP (1s79211524) were
selected for the meta dataset. No heterogeneity was detected
between those SNPs. The MR-Egger intercepts for all analyses
were not significantly different from zero (p > 0.05), providing
no indication of directional horizontal pleiotropy (Table S1).

3.2 | Associations between SBPV and AD

The effects of SBPV on AD using four datasets are shown in
Table 3. Significant causal effects of SBPV on AD were found from

the PFH-UKBB dataset in all four methods, with an OR (95% CI)
of 1.028 (1.010, 1.046) by MR-Egger, 1.015 (1.005, 1.025) and 1.015
(1.003, 1.027) by the IVW-MR fixed and random effects models
respectively, and 1.015 (1.002, 1.028) by the weighted median
method, respectively, indicating that 10-unit increment in SBPV
increased AD risk by 2.8%.The results were consistent among
different methods, as shown in Figure 2. In contrast, the ORs
(95% CI) estimated from datasets of IGAP, MFH-UKBB, and meta
GWAS were 0.860 (0.556, 1.330), 0.993 (0.983, 1.004), and 0.986
(0.797,1.220), with no significant results identified.

3.3 | Association between DBPV and AD

The results of DBPV on AD were demonstrated in Table 3. The
correlation effect of the SNP between SBPV and DBPV was shown
in Figure 3. A marginally significant result was found in the
MFH-UKBB dataset using the IVW random effects method, with
an OR (95%CTI) as 0.983 (0.968, 0.997). However, this result was
not significant for other methods in this dataset. Results using
datasets of IGAP, PFH-UKB, and meta GWAS did not show
significant effect of DBPV on AD.

3.4 | Sensitivity Analysis

Sensitivity analyses were conducted to reduce the impact of proxy
SNPs on MR results by discarding them [22]. For SBPV, proxy
SNPs were excluded and the other five SNPs were retained.
For DBPV, four SNPs were retained from the meta GWAS
dataset, which overlaped with four of the five SNPs retained in
other datasets. No heterogeneity or pleiotropy was detected across
all sensitivity analyses. The results for both SBPV and DBPV are
presented in Table S2 and Figure S1, which were consistent with
the main analysis. Significant findings were noted for SBPV in
the PFH-UKBB dataset, with OR of 1.026 (1.006, 1.048), 1.014
(1.004, 1.024), 1.014 (1.001, 1.028), and 1.015 (1.002, 1.027) for
MR-Egger, MR-IVW (random effect), MR-IVW (fixed effect),
and MR-weighted methods, respectively. For DBPV, a significant
result was only found in the MR-IVW estimation for the MFH-
UKBB dataset, with OR of 0.980 (0.963, 0.999) for random effects
and 0.980 (0.963, 0.997) for fixed effects. The results for the meta-
GWAS of IGAP and UKB were similar to the results of MFH-UKB
and were presented in Table S3. The results of Leave-one-out
analysis were generally consistent with the main analysis, except
for rs35696236. When excluding rs35696236, the result became
nonsignificant (Figure S2).

4 | Discussion

The analysis identified significant associations between indepen-
dent SNPs and both systolic and diastolic BPV. The findings
indicated that SBPV may have a significant impact on the risk of
developing AD, whereas the influence of DBPV appears to be less
clear.

Significant causal effects of SBPV on AD were observed, par-
ticularly in the PFH-UKBB dataset, across various methods
(MR-Egger, weighted median, IVW-MR). This result indicated
that higher SBPV increased the risk of developing AD. The
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FIGURE 2 | MR analysis of systolic blood pressure variability and Alzheimer’s dementia. The dots stand for different SNPs. The slope of the line
means the effect of SBPV (per unit increase) on dementia risk.
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FIGURE 3 | MR analysis of diastolic blood pressure variability and Alzheimer’s dementia. The dots stand for different SNPs. The slope of the line
means the effect of DBPV (per unit increase) on dementia risk.

50f7



TABLE 3 | Summary of the MR analysis of blood pressure variability and dementia.
UKB
IGAP Paternal family history Maternal family history
Databases OR (95% CI) OR (95% CI) OR (95% CI)
Systolic BPV (No. of SNP = 5) (No. of SNP = 6)
MR Egger 0.615 (0.302, 1.252) 1.028 (1.010, 1.046) 0.998 (0.977, 1.020)
IVW (fixed effects) 0.860 (0.615, 1.203) 1.015 (1.005, 1.025) 0.993 (0.981, 1.006)
IVW (random effects) 0.860 (0.556, 1.330) 1.015 (1.003, 1.027) 0.993 (0.983, 1.004)
Weighted median 0.699 (0.470, 1.041) 1.015 (1.002, 1.028) 0.997 (0.981, 1.013)
Diastolic BPV (No. of SNP = 5) (No. of SNP = 5)
MR Egger 0.155 (0.003, 9.051) 1.004 (0.902, 1.118) 0.954 (0.833,1.094)
IVW (fixed effects) 1.093 (0.645, 1.852) 0.993 (0.979, 1.007) 0.983 (0.966, 1.000)
IVW (random effects) 1.093 (0.756, 1.579) 0.993 (0.984, 1.002) 0.983 (0.968, 0.997)
Weighted median 1.118 (0.601, 2.082) 0.993 (0.976, 1.010) 0.986 (0.966, 1.007)

Abbreviations: IGAP, The International Genomic of Alzheimer’s Project; UKB, The UK Biobank.

sensitivity analysis also confirmed the robustness of the findings,
with no evidence for heterogeneity or pleiotropy. The results were
consistent with observational studies [23-25]. A meta-analysis of
16 longitudinal studies to confirm that SBPV is a risk factor for
cognitive impairment and dementia [10]. While the results for
DBPV were less conclusive, with only a marginally significant
result found in the MFH-UKBB dataset. Although no significant
associations were identified in other datasets, the sensitivity
analysis also demonstrated the reliability of the findings. Per 10-
unit increment in DBPV decreased the risk of developing AD
by 2%, supported by both IVW random effect and fixed effect
models. In 2021, a two-sample MR study was conducted on blood
pressure and dementia, but it suggested that high blood pressure
is a protective factor for dementia [26], which is contrary to
observational results [23].

While this study represents the first MR analysis investigating
the causal relationship between BPV and dementia using publicly
available GWAS data, several limitations should be acknowl-
edged. First, there is a potential bias since the exposure and
outcome GWAS were both derived from the UK Biobank. The
overlap rate was calculated and is less than 1%, which indicates
to have little influence on the results [27]. Second, the significant
association between SBPV and AD was observed only in the PFH-
UKBB dataset but was not replicated in other GWAS sources.
This inconsistency may stem from the scarcity of large-scale BPV
GWAS with longitudinal measurements. To date, only two BPV
GWAS exist: an early study (n = 3802) identifying NLGN1 as a
candidate gene [14] and a recent UK Biobank analysis (n = 9370)
reporting visit-to-visit BPV loci [15]. The limited sample sizes in
these BPV GWAS likely cause the power of our instrumental
variables, potentially contributing to the observed heterogeneity.
Furthermore, while the BPV GWAS utilized in this study included
a subgroup analysis of hypertension-free participants, it did
not fully adjust for the potential effects of antihypertensive
medication, which could introduce residual confounding. Future
studies with larger and more diverse BPV GWAS, incorporating
detailed medication data, are needed to further confirm the causal
association between BPV and AD. Third, our study focused on

European-ancestry populations, which limits their generalizabil-
ity to diverse populations. Future studies should prioritize diverse
populations to assess the universality of BPV’s causal role in
dementia. Furthermore, leave-one-out analysis revealed that the
exclusion of r$35696236, located within SLC6AI, resulted in a loss
of significance. While SLC6AI has not been directly implicated
in AD by GWAS, transcriptomic evidence suggests a potential
link [28], raising concerns about residual horizontal pleiotropy
not fully accounted for by MR-Egger. This sensitivity analysis
underscores the need for further investigation with larger cohorts
and more diverse genetic instruments to mitigate potential bias
from individual SNP effects or unmeasured pleiotropy.

This finding adds more evidence for the causal link between
BPV and AD, highlighting the potential cognitive benefits of BPV
control in older adults. In current clinical settings, stable BPV
is not the target of treatment. Although different hypertensive
medication varies significantly in BPV control. Consistent home
blood pressure monitoring may need more consideration to
maintain a stable blood pressure.

5 | Conclusion

SBPV is a possible causal risk factor for AD, while the evidence for
DBPV needs further study. BPV control should be an important
treatment target in preventing dementia. Clinical treatment
strategy should take BPV control into consideration, especially for
the sake of dementia prevention.
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