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ABSTRACT

Background: The incidence of Parkinson's disease (PD) is significantly increased in older people who have experienced
traumatic brain injury (TBI), suggesting that TBI may be a potential risk factor for PD. However, the causal relationship remains
ambiguous.

Objective: To investigate the association between TBI and PD using Mendelian randomization (MR) analyses.

Methods: Four genome-wide association databases were reviewed in detail, including GWAS Catalog, FinnGen, IEU Open-
GWAS, and UK Biobank. Genetic data for TBI were obtained from the FinnGen data set, including 7430 clinically diagnosed
cases and 404,751 controls, and PD was obtained from a meta-analysis in the GWAS Catalog, including 42,792 cases and 568,693
controls. The bidirectional two-sample MR analyses were used to investigate the causal association between TBI and PD.
Results: There was no evidence of a causal relationship between TBI and an increased risk of PD (IVW; OR =1.11; 95% CI,
0.91-1.36; p = 0.308). Similarly, genetically predisposed PD was not associated with a high risk of TBI (IVW; OR = 0.96; 95% CI,
0.91-1.02; p = 0.209). Results from MR-Egger regression, weighted mode, and weighted median analyses were consistent with
those from the IVW analysis. Additional sensitivity analyses further supported the robustness of our conclusions.
Conclusions: No causal relationship was found between TBI and PD.

1 | Introduction million [2] in China, which is expected to rise to 13 million

by 2040 [3]. Despite considerable progress in understanding

Parkinson's disease (PD) is a progressive neurodegenerative
disease second only to Alzheimer's disease in prevalence.
According to a recent estimate, there are at least 1 million
people with PD in the United States [1] and nearly 3.62

the pathogenesis of PD, there is still an urgent need for
effective drugs to inhibit neurodegeneration and disease
progression. The identification of modifiable risk factors
and the development of intervention strategies to reduce PD
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incidence and delay disease progression are, therefore, of
great importance.

Traumatic brain injury (TBI) is brain damage caused by a
penetrating injury or blow that disrupts normal brain function.
Moderate to severe TBI often leads to disability or death in older
patients [4]. Epidemiological studies have shown that the risk of
developing PD is significantly increased in US veterans with a
history of TBI [5]. There is also evidence to suggest that TBI is a
likely environmental factor contributing to the development of
PD [6]. In terms of pathogenesis, researchers have tried to find
some links between TBI and PD in animal models, which have
shown decreased levels of substantia nigra dopamine trans-
porters, decreased BDNF and increased inflammatory factors in
TBI patients [7]. However, the probable link between TBI and
neurodegeneration has attracted attention. The authors found
that TBI may be a potential risk factor for frontotemporal
dementia other than PD. And those with mild TBI that did not
affect consciousness were also unlikely to develop PD [8]. So,
the causal relation between TBI and PD remains controversial.

On the other hand, most people with PD, especially those with late-
stage disease, have postural instability and gait problems. This
would greatly increase the incidence of falls [9]. Studies have
shown that 45%-68% of people with PD fall each year, and
50%-86% of people with PD fall repeatedly [10]. Because of these
special motor symptoms, people with PD are more likely to ex-
perience TBI than the general population [11]. However, the cau-
sality relationship between PD and TBI is still poorly understood.

By treating genetic variants (typically single-nucleotide poly-
morphisms, SNPs) as instrumental variables (IVs), Mendelian
randomization (MR) is used to assess the causality of exposures
to diseases outcomes. MR could eliminate the confounding bias,
reverse causality, and measurement error despite the effect of
genetic instruments [12]. MR analysis has more advantages than
clinical trials, which require financial resources, material, and
time resources [13]. We now used a two-sample MR study to
investigate the possible association between these two diseases.

2 | Materials and Methods

2.1 | Study Design

This retrospective observational study used bidirectional two-
sample MR analysis to evaluate causality between TBI and PD. In
forward MR analysis, TBI was considered as an exposure and PD
as an outcome. Conversely, PD was regarded as an exposure and
TBI as an outcome. The aggregate GWAS summary statistics
used in this study were publicly available, and all contributing
primary studies had obtained specific ethical approvals and in-
formed consent. As this is an observational study using only
publicly available summary-level data, our Institutional Review
Board granted a waiver for ethical approval and informed con-
sent. The MR design was based on three core principles: (1)
relevance assumption, where genetic variants used as IVs are
strongly associate with the exposure (TBI or PD); (2) indepen-
dence assumption, which ensures SNPs are not associated with
confounding factors; and (3) exclusion restriction assumption,
where SNPs only influence the outcome (PD or TBI) through the

exposure (TBI or PD) and not through other pathways (Figure 1).
The present study followed the STROBE-MR guidelines [14].

2.2 | Data Sources

Genetic data for TBI were obtained from the FinnGen data set,
including 7430 clinically diagnosed cases and 404,751 controls
(https://r10.finngen.fi/pheno/ TRAUMBRAIN_NONCONCUS).
And the genetic data for PD were obtained from a meta-analysis
in the GWAS Catalog, including 42,792 cases and 568,693 con-
trols [15] (https://www.ebi.ac.uk/gwas/studies/GCST90275127).

2.3 | Selection of Instrumental Variables

In order to filter suitable IVs, we carried out a number of quality
control procedures. First, we identified independent SNPs
strongly associated with PD using a significance threshold of
p<5x107% As there were no SNPs meeting this criterion for
TBI, we relaxed the threshold to p < 5 X 1077 to ensure sufficient
IV selection. We then applied a clumping procedure with an
R?<0.001 and a distance of 10,000 kb from the independent SNP
[16] to exclude SNPs in strong Linkage Disequilibrium. Finally,
to ensure the consistency of allele effects, we harmonized the
exposure and outcome datasets, eliminating SNPs with ambigu-
ous alleles and those with intermediate frequencies.

In addition, we calculated F-statistics to assess the strength of the
IVs and reduce the impact of potential bias [17]. In general, only
IVs with F-statistics > 10 were retained for subsequent MR anal-
ysis, as F-statistics < 10 are considered weak and were deleted. In
this study, R? was calculated as 2 x EAF x (1 — EAF) x ﬁz, and F
was calculated using the formula [(N—k— 1)/k] X [R*/(1 —R?)],
where N is the GWAS sample size, K is the number of SNPs, EAF
is the effect allele frequency, §8 is the effect sizes, and SE is the
standard error.

2.4 | Statistical Analysis

The present study used bidirectional two-sample MR analysis to
estimate the relationship between TBI and PD. The IVW
approach was the primary method for evaluating effect esti-
mates, combining Wald ratio estimates of causal effects of dif-
ferent SNPs through a meta-analysis method. This approach
increases the statistical power of MR analysis by including
multiple variants. In addition, three supplementary MR meth-
ods were used: MR-Egger regression, the weighted median
[18-20], and the weighted mode [21]. For each binary exposure,
the risk of each outcome was expressed as an odds ratio (OR)
with a 95% CI per log-OR increase.

Heterogeneity among the IVs was assessed using Cochran's Q
test and a funnel plot. If significant heterogeneity was observed
at p<0.05, the random-effects IVW method was used. Con-
versely, if no heterogeneity was detected, the fixed-effects IVW
method was used. The MR-Egger regression intercept test was
used to assess the potential impact of pleiotropic effects of
genetic variants on the estimation of causal relationships. A
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FIGURE 1 | Study design of the present study. IVW, inverse variance weighted; MR, Mendelian randomization; TBI, traumatic brain injury; PD,

Parkinson's disease; SNPs, single-nucleotide polymorphisms.

p <0.05 in the intercept test indicated the presence of pleiot-
ropy. A leave-one-out analysis was performed to test the causal
association was predominantly influenced by a single SNP. In
this analysis, each IV was systematically removed to validate
the robustness of the MR results. Statistical significance was
determined using a two-tailed p < 0.05. All MR analyses were
performed using the Two Sample MR (Version 0.5.10) and
MRPRESSO (Version 1.0) packages in R version 4.3.3.

3 | Results
3.1 | Causality Between TBI and PD

We identified four independent SNPs associated with TBI and
used them as IVs. Each SNP had an F-statistics > 10, indicating
a strong association with exposure compared with outcome
(Supporting Information S4: Table S1). MR estimates from dif-
ferent methods were presented in Figure 2. Overall, there was
no observed causality were seen between TBI and PD. The
primary IVW results showed that an increased risk of TBI was
not statistically associated with an increased risk of PD

(OR=1.11, 95% CI: 0.91-1.36, p = 0.308). Similarly, consistent
results were obtained using the MR-Egger, the weighted
median, and the weighted mode methods. The scatterplot
showing the effect sizes of the SNPs for TBI is shown in
Figure 3A. Heterogeneity testing of individual SNPs showed no
significant heterogeneity (Q =0.826, p = 0.843) (Table 1). Fur-
thermore, horizontal pleiotropy did not appear to bias the
causality assessment of PD with TBI, as demonstrated by the
result of the MR-Egger regression and MR-PRESSO global test
(intercept = 0.037, SE =0.584, p =0.586) (Table 1). The leave-
one-out analysis showed that the causal estimates of PD and its
subtypes were not significantly influenced by the SNP. Sup-
porting Information S1-S3: Figures 1-3 show the forest plots,
and funnel plots, leave-one-out analysis plots.

3.2 | Causal Effects of PD on TBI

For the reverse MR, we selected 26 SNPs as IVs. The F-statistics
were > 10 for each SNP and all 26 IVs, indicating stronger as-
sociations with the exposure than with outcome (Supporting
Information S4: Table S2). The MR estimates did not indicate
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Exposure Outcome Methods N.SNPs OR(95%Cl) P
Inverse variance weighted 4 Ho=! 1.11(0.91 to 1.36) 0.308
TBI PD MR Egger 4 —o————— (.77(0.24 to 2.41) 0.695
Weighted median 4 l-E'—| 1.07(0.84 to 1.36) 0.600
Weighted mode 4 —p—t 1.04(0.76 to 1.42) 0.809
Inverse variance weighted 26 E] 0.96(0.90 to 1.02) 0.209
PD TBI MR Egger 26 o4 1.02(0.89 to 1.18) 0.743
Weighted median 26 t':l 0.93(0.85 to 1.02) 0.134
Weighted mode 26 L 0.89(0.77 to 1.02) 0.099
T T 1
0051152
o Inverse variance weighted oMR Egger Weighted median Weighted mode

FIGURE 2 | The forest plot of the bidirectional MR results. MR, Mendelian randomization; OR, odds ratio; PD, Parkinson's disease; SNPs, single-
nucleotide polymorphisms; TBI, traumatic brain injury.
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FIGURE 3 | Scatterplot of the causality between TBI and PD using different MR methods. (A) Causal estimates for TBI on PD. (B) Causal estimates
for PD on TBI. The individual SNP effect on the outcome (dot and vertical line) versus its effect on the exposure (point and horizontal line) has been
delineated in the background. Each line represents a different MR method. The slope of each line corresponds to the causal estimates for each method.

causality between these two diseases (Figure 2). The primary 4 | Discussion

IVW suggested an increased risk of PD was not statistically

associated with an increased risk of TBI (OR =0.96, 95% CI: TBI, particularly in its more severe forms, has been widely
0.90-1.02, p =0.209). The MR-Egger, weighted median, and considered a risk factor for PD [22]. However, the causal
weighted mode methods consistently yielded similar results. direction remains unclear due to the conflicting evidence from

The scatterplot illustrating the effect sizes of SNPs for PD is existing observational studies [23]. Using GWAS summary
shown in Figure 3B. Heterogeneity testing between individual statistics, this two-sample MR analysis aimed to explore the
SNPs revealed no significant heterogeneity (Q =24.469, causal relationship between these two conditions. Our findings
p = 0.492) (Table 1). Furthermore, horizontal pleiotropy did not indicate no causal relationship between TBI and PD.

appear to affect the causal assessment of TBI with PD, as

indicated by the result of the MR-Egger regression and the MR- Epidemiological studies have consistently reported an increased
PRESSO global test (intercept=—0.01, SE =0.073, p =0.345) risk of PD among individuals with a history of TBI [24]. Two large
(Table 1). The leave-one-out analysis showed that the causal population-based cohort studies have demonstrated a higher

estimates of TBI and its subtypes were not driven by any SNP. incidence of PD in individuals with a history of moderate to severe
Supporting Information S1-S3: Figures 1-3 show the forest TBI [8, 25]. Additionally, several meta-analyses have found that
plots, funnel plots, and leave-one-out analysis plots. TBI, irrespective of severity, is associated with a higher risk of PD
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TABLE 1 | Causal effects of TBI and PD evaluated by various MR methods.
Heterogeneity test Pleiotropy test
Method N. SNPs OR SE P Cochran's Q p MR-Egger intercept p
Forward MR
(TBI-PD)
Vw 4 1.111 0.103  0.308 0.826 0.843 0.037 0.586
MR Egger 4 0.767 0.584  0.695 0.411 0.814
Weighted median 4 1.067  0.125 0.6
Weighted mode 4 1.043  0.158  0.809
Reverse MR (PD-TBI)
vVw 26 0.962 0.031 0.209 24.469 0.492 —0.01 0.345
MR Egger 26 1.024 0.073  0.743 23.541 0.488
Weighted median 26 0.932 0.047 0.134
Weighted mode 26 0.885 0.071  0.099

compared to individuals without TBI [6, 26]. More recently, a
study analyzing multiple prospective cohorts also identified an
increased risk of incident PD in patients with a remote history of
TBIL. This finding is further supported by postmortem neuro-
pathological examinations conducted during follow-up [27].

The underlying mechanisms linking TBI to PD remain unclear,
but several pathological processes have been proposed, includ-
ing inflammation, metabolic dysregulation, and abnormal pro-
tein aggregation. In particular, axonal injury and transport
dysfunction following TBI, especially in more severe injuries,
may contribute to the accumulation of pathological protein
such as a-synuclein [28, 29]. Additionally, the acute neuroin-
flammatory response following TBI involves glial cells activa-
tion, the release of proinflammatory cytokines and chemokines,
and the recruitment of peripheral immune cells [30]. Prolonged
neuroinflammation may exacerbate neurodegeneration, thereby
increasing PD susceptibility [31].

Despite these observational findings, postmortem studies pro-
vide only cross-sectional data, limiting their ability to establish
causality. To address this, we employed MR analysis, which
minimizes confounding and reverse causation. Our results
suggest that severe TBI alone is not a causal determinant of PD.
This aligns with contemporary research efforts identifying PD
risk factors, including sleep disturbances [32], plasma
a-synuclein [33], inflammatory bowel disease [34], and so on.

Several factors may explain the discrepancy between our MR
results and previous observational findings. First, the environ-
mental exposures measured in the existing studies may be
associated with confounders that may lead to biased estimates,
which may partially explain the inconsistency between obser-
vational findings and our MR results. Second, TBI, especially of
higher severity, has been considered a risk factor for all-cause
PD. Therefore, the present study used GWAS data from severe
TBI populations were used for MR analysis. Although MR is
based on genetic data rather than self-reported exposure,
genetic differences between different TBI severities should not
be a concern. However, the higher mortality rate and shorter
life expectancy of these patients may influence the results of the
MR analysis, as many PD patients were diagnosed years after

the onset of clinical symptoms [35]. In addition, several studies
suggest that the risk of developing PD is increased soon after
TBI but gradually decreases over time [36, 37]. TBI may tem-
porarily disrupt dopamine signaling via acute neuroinflamma-
tion. However, the long-term risk of PD may depend on
sustained a-synuclein accumulation or interactions with other
risk factors such as chronic neuroinflammation, which may
partly explain the reason why we obtained a negative result
[38]. It is well known that the major drawback of MR is hori-
zontal pleiotropy [39]. Further large-scale studies are still
needed to verify the findings of the present study.

Patients with PD, particularly those in the later stages
(Hoehn-Yahr 3-5), often experience falls due to gait instability
and postural imbalance, which can lead to recurrent TBI [40].
Consequently, PD-related fall injuries have been considered a
potential risk factor for TBI. However, our reverse MR analysis
showed that PD is not a causal factor for TBI. TBI encompasses
a range of pathological and functional impairments resulting
from external brain injury, including both primary and sec-
ondary brain damage [41]. It is commonly associated with road
traffic accidents, blunt force trauma, fall, and birth-related
injuries, all of which contribute to an increased risk of TBI.
Given that patients with a higher risk of falls are more prone to
TBI, including PD [42], it is plausible that falls themselves,
rather than an underlying condition, are the primary contrib-
utors to the occurrence of TBI. In terms of pathogenesis,
although brain dysfunction caused by a-synuclein aggregation
and neuroinflammation increases the risk of falling in PD pa-
tients [43], it does not mean that there is a direct relationship
between PD and TBI. Further studies are needed to confirm the
causality between these risk factors and TBI.

There are some limitations to this study. As with other MR
analyses, our results may be influenced by horizontal pleiot-
ropy, where IVs affect the outcome through pathways outside
the exposure of interest [44]. It is impossible to completely rule
out this possibility, whereas the results of MR Egger showed no
evidence of pleiotropy. Furthermore, we set the p at 1 X 1077 to
include more SNPs, which means that it will be comparatively
small when it comes to explaining the percentage of variance
between IVs and exposures. The presence of other unavoidable
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undetected confounders may affect the causal inference.
Nevertheless, our study provides a novel perspective on the
relationship between TBI and PD. Future research using more
sophisticated causal inference approaches, such as nonlinear
MR methods or studies incorporating detailed individual-level
data, may be necessary to further explore potential threshold
effects or interactions with other risk factors.

5 | Conclusion

Our study found no evidence of a causal relationship between
TBI and PD. Further GWAS and advanced causal inference
studies are needed to validate these findings and explore
potential underlying mechanisms.
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