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Abstract

Background Neurodevelopmental disorders (NDDs), such as Attention-Deficit/Hyperactivity Disorder (ADHD),
Autism Spectrum Disorder (ASD), and Tourette Syndrome (TS), have been extensively studied for their multifaceted
impacts on social and emotional well-being. Recently, there has been growing interest in their potential relationship
with fracture risks in adulthood. This study aims to explore the associations between these disorders and fracture
rates, in order to facilitate better prevention and treatment.

Methods Employing a novel approach, this study utilized Mendelian randomization (MR) analysis to investigate the
complex interplay between ADHD, ASD, TS, and fractures. The MR framework, leveraging extensive genomic datasets,
facilitated a systematic examination of potential causal relationships and genetic predispositions.

Results The findings unveil intriguing bidirectional causal links between ADHD, ASD, and specific types of fractures.
Notably, ADHD is identified as a risk factor for fractures, with pronounced associations in various anatomical regions,
including the skull, trunk, and lower limbs. Conversely, individuals with specific fractures, notably those affecting the
femur and lumbar spine, exhibit an increased genetic predisposition to ADHD and ASD. In this research, no correlation
was found between TS and fractures, or osteoporosis.These results provide a genetic perspective on the complex
relationships between NDDs and fractures, emphasizing the importance of early diagnosis, intervention, and a holistic
approach to healthcare.

Conclusion This research sheds new light on the intricate connections between NDDs and fractures, offering
valuable insights into potential risk factors and causal links. The bidirectional causal relationships between ADHD,
ASD, and specific fractures highlight the need for comprehensive clinical approaches that consider both NDDs and
physical well-being.
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Introduction

Attention Deficit Hyperactivity Disorder (ADHD),
Autism Spectrum Disorder (ASD), and Tourette Syn-
drome (TS) are prominent Neurodevelopmental
disorders(NDDs)often co-occurring and impactingsocial
and emotional aspects [1]. Observational studies reveal
higher fracture risks among adults with these conditions
compared to those without [2]. Notably, ADHD is associ-
ated with an increased risk of fractures, highlighting the
importance of recognizing the elevated risk in individuals
with ADHD [3-6].

The core features of ADHD involve attention defi-
cits, heightened hyperactivity, and impulsive behaviors.
Notably, children with ADHD face an elevated risk of
fractures, particularly affecting the skull, neck, trunk,
and intracranial structures, with a Hazard Ratio (HR)
3.07 times higher than neurotypical peers [7]. Research
highlights the statistical significance (P<0.001) of this
heightened fracture risk, encompassing regions such
as the skull, neck, and trunk (HR=1.53), upper limbs
(HR=1.28), and lower extremities (HR=1.84) [5]. More-
over, studies indicate a correlation between ADHD
symptoms and limb fractures in adults [8], with a notable
reduction in fracture risk for individuals receiving phar-
macological interventions [9, 10].

ASD is a NDDs by social impairment and restricted
interactive and communicative behaviors [11]. Nota-
bly, individuals within the ASD spectrum exhibit an
increased susceptibility to injuries involving the head,
face, and neck [12], as well as a heightened risk of frac-
tures affecting the hip, forearm, and spine [13]. Addi-
tionally, adolescent boys with ASD display lower bone
mineral density (BMD) in comparison to their neurotypi-
cal peers [14].

Research consistently reveals distinctive patterns in
bone health among individuals with ASD, including
reduced systemic bone mineral content, diminished cor-
tical area, and thinning of cortical and trabecular bone
structures, especially in the distal radius and tibia. These
trends extend to various anatomical regions, such as the
lumbar spine, hips, and femoral neck, setting individuals
with ASD apart from those without the condition [15].

TS is an intricate NDDs characterized by the presence
of persistent vocal and motor tics, a defining feature that
must endure for at least one year. Notably, a comprehen-
sive decade-long cohort study unveiled a 1.27-fold higher
fracture rate in individuals within the TS cohort when
compared to a meticulously matched control cohort. Fur-
thermore, a thorough multivariate Cox regression analy-
sis revealed an adjusted HR of 1.28. Of particular interest
is the observation that the introduction of antipsychotic
medications led to a notable reduction in this height-
ened risk, resulting in a decreased HR of 1.17 [16]. This
phenomenon warrants investigation, considering factors
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such as self-harm, accidental injuries, and the potential
consequences of antipsychotic medication-related side
effects [16, 17].

Fractures and osteoporosis cast a significant shadow
over public health [18], with a disquieting projection of
over 30 million individuals expected to be affected by
bone-related conditions in Europe by the year 2050. The
associated financial burden is equally disconcerting, with
potential hospitalization costs in Europe alone estimated
to reach up to €3.5 billion annually [19]. It is crucial to
acknowledge that while genetics play a substantial role,
one’s bone structure is subject to modification, influ-
enced by intrinsic and extrinsic factors such as physical
activity, hormonal dynamics, and nutritional status [20].

The pivotal role of nutrition and physical activity takes
center stage in strengthening bones during crucial early
developmental stages. This emphasis on early interven-
tion stems from the understanding that as individuals
progress through life, the gradual accrual of undesirable
bone mass can lead to bone fragility and, ultimately, the
onset of osteoporosis. Aligned with the insights of the
International Osteoporosis Foundation, osteoporosis is
aptly defined as a condition characterized by low bone
mass and the progressive deterioration of bone micro-
structure, culminating in heightened bone fragility and
an elevated risk of fractures [21].

Fractures in the Pediatric and Adolescent Realm: A Sig-
nificant Component of Injuries:

Fractures hold a significant place in the realm of acci-
dents and injuries, accounting for a substantial 25% of all
such incidents involving children and adolescents. While
a wide array of risk factors has been identified, includ-
ing factors like nutritional deficiencies [22], high body
weight, and intense physical activities [23], as well as psy-
chiatric disorders such as schizophrenia [24], the intri-
cate interplay between fractures, osteoporosis, and the
three NDDs of ADHD, ASD, and TS warrants compre-
hensive examination.

Simultaneously, cross-disease investigations have
uncovered significant overlap in the phenotypic traits
associated with the genetic risk shared by ADHD, ASD,
and TS [1]. Grounded in the characteristic features of
inattention, hyperactivity, and impulsivity commonly
observed in individuals with ADHD, previous research
provides a compelling basis for postulating causal links
between ADHD, ASD, TS and the occurrence of fractures
and osteoporosis. Furthermore, considering the associa-
tions among ADHD, ASD, TS, and intellectual disabili-
ties, all of which fall within the spectrum of NDDs [25,
26], we have deliberately incorporated intellectual func-
tioning into the scope of our investigation to enhance the
credibility of our research. It is essential to recognize that
these causal relationships may exhibit distinct patterns
across various anatomical sites.
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Mendelian randomization (MR) methodologies harness
the potential of single nucleotide polymorphisms (SNPs)
as instrumental variables(IVs) to rigorously estimate the
causal relationships between exposures and specific out-
comes. This approach offers a distinct advantage by sig-
nificantly mitigating the impact of confounding variables
and measurement errors that often confound traditional
multivariate regression models [27]. Moreover, the delib-
erate exclusion of IVs that overlap with confounding fac-
tors in MR analyses minimizes the risk of bias, thereby
enhancing the validity of causal inferences [28].

Our primary aim is to utilize the robust MR methodol-
ogy for a comprehensive evaluation of the causal associa-
tions between ADHD, ASD, TS and an elevated genetic
predisposition to fractures in diverse anatomical regions.

Methods

Data source for NDDs

The genomic association data for ADHD [29], ASD [30],
TS [31] utilized in this study were extracted from the
PGC database. The genomic association data for intelli-
gence [32] were extracted from Complex Trait Genetics
Lab (CTG) (https://ctg.cncr.nl/).

The Population Characteristics:

All participants included in the study were of European
descent. The diagnostic criteria for ADHD and ASD were
based on the ICD-10 (International Classification of Dis-
eases, 10th Revision), while the diagnostic criteria for
Tourette Disorder adhered to the DSM-5 (Diagnostic and
Statistical Manual of Mental Disorders, Fifth Edition).

Instrumental Variables (IVs):

The IVs employed in the analysis consisted of a total of
582 SNPs. These SNPs were meticulously selected based
on specific criteria, including a significance threshold
of p<5x10"-6, minimal linkage disequilibrium (LD)

Table 1 Detailed information of the datasets used for MR analyses
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interlocking imbalance (LD r?2<0.001), and a clump-
ing distance exceeding 10,000 kilobases. Detailed infor-
mation about these IVs can be found in Supplementary
Table.

Data source for fractures and osteoporosis

The data related to fractures and osteoporosis in this
study were sourced from the FinnGen project [33], spe-
cifically utilizing the R9 version of the data, which was
published on May 11, 2023. Detailed instructions and
information about this research project and its data
sources are available on the project’s website: FinnGen
Project Information.

Diagnostic Criteria and Participant Characteristics:

The diagnosis of fractures and osteoporosis across
these categories was based on the ICD-10. All individuals
included in the study were of European descent.

Instrumental Variables (IVs):

IVs comprised a total of 269 SNPs. These SNPs were
carefully selected based on specific criteria, includ-
ing a significance threshold of p<5x10"-6, minimal LD
interlocking imbalance (LD r72<0.001), and a clump-
ing distance exceeding 10,000 kilobases. Comprehensive
information regarding these IVs can be found in Supple-
mentary Table.

The Details of cohort specifics of NDDs and Frac-
tures and Osteoporosis are presented in Table 1.

Confounding factors

Numerous studies have highlighted a significant connec-
tion between early life-related traits and the emergence
of neurological and psychiatric disorders in adulthood,
potentially due to increased oxidative stress within the
central nervous system during early life [34]. For exam-
ple, a well-documented association exists between low

Traits Year Authors Population Consortium Sample size Number of SNPs
ADHD 2023 Havdahl et al. European PGC 225,534 6,774,224
ASD 2019 Grove et al. European PGC 43,350 9,112,386
TS 2019 Yu et al. European PGC 14,307 8,265,318
Intelligence 2018 Savage et al. European CTG 269,867 9,295,118
Fracture of femur 2023 Kurki et al. European Finngen 369,694 20,170,071
Osteoporosis 2023 Kurki et al. European Finngen 365,314 20,169,923
Osteoporosis with pathological fracture (FG) 2023 Kurki et al. European Finngen 286,694 20,167,428
Fracture of shoulder and upper arm 2023 Kurki et al. European Finngen 356,923 20,169,771
Fracture of neck 2023 Kurki et al. European Finngen 371,696 20,170,126
Fracture of rib(s), sternum, and thoracic spine 2023 Kurki et al. European Finngen 371,354 20,170,108
Fracture of skull and facial bones 2023 Kurki et al. European Finngen 336,225 20,169,238
Fracture of forearm 2023 Kurki et al. European Finngen 370,773 20,170,116
Fracture at the wrist and hand level 2023 Kurki et al. European Finngen 347,812 20,169,593
Fracture of the lower leg (including ankle) 2023 Kurki et al. European Finngen 343,301 20,169,406
Fracture of lumbar spine and pelvis 2023 Kurki et al. European Finngen 370,713 20,170,079
Fracture of the foot (except ankle) 2023 Kurki et al. European Finngen 358,985 20,169,888
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birth weight and ADHD [35]. Additionally, the mounting
prevalence of childhood obesity has emerged as a signifi-
cant public health concern due to its intricate and mul-
tifaceted relationship with neurodevelopmental health
challenges in adulthood [36]. Furthermore, it is worth
mentioning that allergic diseases during childhood hold
the potential to precipitate ADHD symptoms [37].

Management of Confounding Factors:

Moreover, existing literature has indicated that the
intake of vitamin D [38], calcium [39], and zinc [40] serve
as risk factors for fractures and osteoporosis. Supple-
mentation with vitamin D has been shown to augment
bone density, thereby mitigating the risks of fractures
and osteoporosis [38]. Calcium and vitamin D have been
identified as pivotal determinants of peak bone mass
[39]. Conversely, a diminished intake of zinc is associated
with an elevated risk of fractures and osteoporosis [40].
Consequently, we have incorporated dietary supplements
of vitamin D, calcium, and zinc as confounding variables
in this study.

In light of the aforementioned considerations, this
study rigorously controlled for potential confounding fac-
tors. It incorporated birth height [41], birth weight [42],
body mass index (BMI) [43], and the presence of allergic
diseases within the analytical framework. The impact
of these factors on the observed outcomes was meticu-
lously addressed by excluding SNPs that showed over-
lap within the IVs. Birth height, weight, and children’s
BMI data were sourced from The Early Growth Genet-
ics (EGG) Consortium, while information on allergic
diseases was acquired from a Finnish database [33]. The

Assumption 2

Confounder
factors
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data on theintakeof vitamin D, calcium, and zinc were
sourced from the IEU Open GWAS database [44]. This
comprehensive approach enhances the study’s robust-
ness, minimizing the influence of potential confounders
and bolstering the precision of causal inferences.

Statistical analysis

This study employed a MR approach to explore the intri-
cate bidirectional relationship between ADHD, ASD, TS,
and 11 distinct types of fractures and osteoporosis.

The study adhered to the classical MR assumptions
(Fig. 1)

To mitigate confounding factors, the study rigorously
screened IVs and established a significance thresh-
old (P<5e-06) to minimize weak associations between
potential confounders and genetic variations.

The primary statistical metric used was the inverse
variance weighted (IVW) method, assessing the associa-
tion between ADHD, ASD, and fractures or osteoporo-
sis. MR-Egger, weighted median, and weighted models
served as supplementary statistical indicators.

Sensitivity analysis, a crucial component of MR analy-
sis, was employed to detect potential pleiotropy. Het-
erogeneity was assessed using the Cochrane Q test, and
horizontal pleiotropy was examined via the MR-Egger
intercept method. A leave-one-out analysis assessed the
impact of individual SNPs on MR results. In cases of het-
erogeneity, the random-effect IVW was used as the pri-
mary statistical measure, while the fixed-effect IVW was
employed when no heterogeneity was observed.

Assumption 2

Assumptionl

ADHD,ASD,

Assumptionl

Fractures

TS and

—eeeeee

and IVs (SNPs)

Intelligence

Osteoporosis

| 1: The study framework chart

Fig. 1 MR assumptions and design of our study:1. IV Exposure Association: IVs demonstrated a robust association with the exposure of interest.2. Ab-
sence of Unidentified Confounding: IVs were selected to have no associations with unidentified confounding factors that could affect both the exposure
and outcome.3. IV Effect via Exposure: IVs exclusively influenced the outcomes through the exposure under investigation
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The significance threshold for results was corrected for
multiple testing using the Bonferroni method. A p-value
of <0.001 (0.05/36) was considered significant, p-values
between 0.001 and 0.05 were considered suggestive, and
p-values above 0.05 were deemed insignificant. The F sta-
tistic (F' = b%“f) was used to assess the strength of IVs,
with F>10 indicating a robust and independent instru-
mental variable [45].

All statistical analyses were performed using the
TwoSample MR package in R version 4.2.2, and the
results were reported in terms of odds ratio (OR) values
with associated 95% confidence intervals.

Result

Causal relationship between fractures and osteoporosis
and ADHD, ASD, TS and intelligence

A similar screening process, accounting for P-values
and LD clumping, was applied to SNPs used as IVs for
different fracture and osteoporosis outcomes. Although
potential causal relationships were detected, they did not
consistently reach statistical significance after Bonferroni
correction (Fig. 2)

Fracture of femur and ADHD: A suggestive causal rela-
tionship was observed (OR=1.0847, 95% CI (1.0166—
1.1573), P=0.0140).

Fracture of lumbar spine and pelvis and ASD: Another
suggestive causal relationship was noted (OR=1.0942,
95% CI (1.0058-1.1904), P=0.0362).

These findings, while suggestive, did not maintain sta-
tistical significance following Bonferroni correction but
offer valuable insights into potential risk factors.

Heterogeneity and Pleiotropy Testing:

Detailed information on the results of heterogeneity
and pleiotropy testing is available in the supplementary
material and supplementary table, providing a compre-
hensive assessment of the findings’ robustness in light of
these factors.

Causal relationship between ADHD, ASD, TS, intelligence
and fracture risk

After rigorous SNP screening based on P-values and
LD clumping, a total of 138, 34, 22 and 387 linkage-dis-
equilibrium-independent SNPs served as IVs for ADHD,
ASD, TS and Intelligence. Upon eliminating SNPs not
present in the outcome variable, a two-sample MR analy-
sis unveiled significant findings (Fig. 3).

ADHD as a Risk Factor: ADHD was identified as a risk
factor for Fracture of rib(s), sternum, and thoracic spine
(OR=1.1308, 95% CI (1.0658-1.1997), P<0.0001). This
association retained significance after Bonferroni correc-
tion. ADHD was also linked to Fracture of foot (except
ankle) (OR=1.1081, 95% CI (1.0389-1.1819), P=0.0018),
Fracture of lower leg (including ankle) (OR=1.0768,
95% CI (1.0280-1.1279), P=0.0018), Fracture at wrist
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and hand level (OR=1.0664, 95% CI (1.0114—1.1245),
P=0.0174), and Fracture of skull and facial bones
(OR=1.0801, 95% CI (1.0095-1.1557), P=0.0255).

ASD as a Risk Factor: ASD was found to be associated
with an increased risk of Fracture of foot (except ankle)
(OR=1.1227,95% CI (1.0269-1.2275), P=0.0110).

TS as a Risk Factor: No significant causal relationship
wasfoundin TS.

Additionally, we observed that higher levels of intel-
ligence were associated with a reduced risk of frac-
tures involving the rib(s), sternum, and thoracic spine
(OR=0.8642, 95% CI (0.7584—0.9849), P=0.0286). The
pleiotropy and heterogeneity test results are included in
the supplementary materials.

Discussion

This comprehensive study adopted a bidirectional
MR approach to investigate the intricate relationships
between three NDDs—ADHD, ASD, and TS—and a
spectrum of 11 distinct fractures and osteoporosis. The
MR analysis provided intriguing insights into these asso-
ciations, shedding light on potential causal links and risk
factors (Fig. 4).

Fractures as causal factors

The MR analysis results suggested that certain fractures
may act as causal factors in the development of these
childhood NDDs. Specifically, a fracture of the femur
may be a risk factor for ADHD (P=0.0140), and fractures
of the lumbar spine and pelvis may be risk factors for
ASD (P=0.0362). Although these findings did not retain
statistical significance after Bonferroni correction, they
offer valuable indications of potential associations.

NDDs as causal factors

Conversely, the reverse MR analysis presented robust
findings indicating that ADHD could be a causal fac-
tor for various types of fractures. For example, ADHD
is a risk factor for fractures of the rib(s), sternum, and
thoracic spine (P<0.0001), fractures of the foot (except
ankle) (P=0.0018), fractures of the lower leg (includ-
ing ankle) (P=0.0003), fractures at the wrist and hand
level (P=0.0174), and fractures of the craniofacial region
(P=0.0255). Similarly, ASD is considered a risk factor
for foot fractures (P=0.0110), and higher intelligence
levels are associated with a preventive effect against the
occurrence of fractures involving the rib(s), sternum, and
thoracic spine (P=0.0286). Besides, there is no causal
relationship between fractures and TS.

Observational studies have historically grappled with
the intricate connections among ADHD, ASD, TS,
and fractures, as well as osteoporosis. Often, symp-
toms linked to these NDDs may unintentionally escape
attention when investigating fractures [46]. Our study
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Exposure Outcome

ADHD

ASD

TS
Intelligence
ADHD

ASD

TS

Fracture of femur

Osteoporosis

Intelligence
ADHD

ASD

TS
Intelligence
ADHD

Osteoporosis with pathological fracture (FG)

Fracture of shoulder and upper arm
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OR ; 95%CI ; P

OR=1.0847 ,{1.0166 -1.1573 );P=0.0140*
OR=1.0613 ,(0.9412-1.1967 );P=0.3315

- OR=1.0638 ,(0.8934-1.2667 );P=0.4874
OR=1.0118,,(0.9872-1.0369 );P=0.3501
OR=0.9729 ,(0.8887-1.0650 );P=0.5510
OR=0.9967 ,(0.9321-1.0657 );P=0.9226
OR=1.0152 ,(0.8934-1.1535 );P=0.8171
OR=1.0051,(0.9769 -1.0341 );P=0.7268
OR=1.0269 ,(0.9744-1.0822 );P=0.3213
OR=0.9892 ,(0.9343-1.0475 );P=0.7108
OR=1.0051,(0.9052-1.1161 );P=0.9238
OR=1.0040,(0.9780-1.0308 );P=0.7635
OR=1.0154,(0.9284-1.1105 );P=0.7377
OR=0.9160,(0.8039-1.0438 );P=0.1878

TS
Intelligence
ADHD

ASD

TS

Fracture of neck

Intelligence

Fracture ofrib(s), sternum and thoracic spine ~ ADHD

ASD —

ASD I—.—!—l
-l

- OR=1.0665 ,(0.8287-1.3726 );P=0.6167
OR=0.9848 ,(0.9561-1.0143 );P=0.3092
OR=1.0191,(0.9326-1.1136 );P=0.6759
OR=0.9953 ,(0.9399-1.0541 );P=0.8734
OR=1.0141,(0.9110-1.1289 );P=0.7976
OR=0.9939 ,(0.9832-1.0047 );P=0.2669
OR=0.8991,(0.8009-1.0095 );P=0.0718
OR=0.9364,(0.8208-1.0682 );P=0.3277

TS
Intelligence
ADHD

ASD

TS

Fracture of skull and facial bones

Intelligence
ADHD

ASD

TS

Fracture of forearm

Intelligence
ADHD
ASD

Fracture at wrist and hand level

OR=0.8705 ,(0.6992-1.0836 );P=0.2145
OR=0.9990 ,(0.9582 -1.0416 );P=0.9642
OR=1.0205 ,(0.9543-1.0912 );P=0.5540
OR=1.0122,(0.9213-1.1121 );P=0.8005
. OR=1.0930,(0.9472-1.2614 );P=0.2235
OR=1.0059 ,(0.9905-1.0215 );P=0.4574

OR=0.9983 ,(0.9453 -1.0544 );P=0.9523

OR=0.9681,(0.8965-1.0455 );P=0.4089

= OR=1.0824,(0.9389-1.2480 );P=0.2752
OR=1.0043,(0.9792-1.0301 );P=0.7380
OR=1.0586,(0.9733-1.1512 );P=0.1839
OR=1.0232,(0.9067-1.1547 );P=0.7098

TS
Intelligence
ADHD

ASD

TS

Fracture of lower leg, including ankle

Intelligence
ADHD

ASD

TS

Fracture of lumbar spine and pelvis

OR=1.0423,(0.8396-1.2939 );P=0.7072
OR=1.0001,(0.9710-1.0301 );P=0.9950
OR=0.9884,(0.8887-1.0993 );P=0.8296
OR=0.9720,(0.8500-1.1114 );P=0.6774

OR=1.0859,(0.8699-1.3555 );P=0.4663
OR=0.9950,(0.9740-1.0165 );P=0.6470
OR=1.0368 ,(0.9484-1.1334 );P=0.4270
OR=1.0942 ,(1.0058 -1.1904 );P=0.0362*

Intelligence
ADHD

ASD

TS

Fracture of foot, except ankle

Intelligence

0.50 0.60 070 0.80

m— OR=0.9697 ,(0.8303-1.1326 );P=0.6980
»—IL OR=0.9819 ,(0.9558-1.0086 );P=0.1819
OR=1.0489 ,(0.9395-1.1710 );P=0.3955

= OR=1.0405 ,(0.8863-1.2215 );P=0.6278
>—|—I—< OR=1.0328,(0.9304-1.1464 );P=0.5448

l-li OR=0.9839,(0.9629-1.0053 );P=0.1387

0.90 1.00 1.10 1.20 130 140

Fig. 2 The forest map for Causal Relationship Between Fractures and Osteoporosis and ADHD, ASD, and TS;*: 0.05 < P<0.001, ***P<0.001

represents a pioneering effort, constituting the inau-
gural systematic exploration of the link between child-
hood NDDs and fractures and osteoporosis through a
genetic framework. By adeptly sidestepping potential
confounding variables, measurement inaccuracies, and
other sources of bias, the study yields invaluable genetic
insights. Significantly, it identifies NDDs like ADHD as
potential contributors to various fractures, while also

suggesting that fractures might be potential causes of
diverse fractures. However, this perspective requires fur-
ther research for clarification. It introduces a new per-
spective on the potential interplay between psychological
well-being and bone health.

Fractures not only induce pain and inflammatory reac-
tions but recent research has also uncovered connec-
tions between NDDs and pain [47, 48]. Interestingly, the
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Exposure Outcome OR ; 95%CI ; P

ADHD Fracture of femur >—J—' OR=0.9917,(0.9331-1.0541 );P=0.7896
Osteoporosis >—I—|4 OR=0.9424,(0.8818-1.0073 );P=0.0809
o porosis with pathological fracture (FG) —— OR=0.9465,(0.8241-1.0872 );P=0.4370
Fracture of shoulder and upper arm '—I-.—< OR=1.0227,(0.9707-1.0774 );P=0.3993
Fracture of neck >—.—I—< OR=0.9458 ,(0.8193-1.0918 );P=0.4469
Fracture of rib(s), sternum and thoracic spine —— OR=1.1308 ,(1.0658 -1.1997 );P=0.0000***
Fracture of skull and facial bones —— OR=1.0801,(1.0095 -1.1557 );P=0.0255*
Fracture of forearm —— OR=0.9810,(0.9321-1.0325 );P=0.4629
Fracture at wrist and hand level I —— OR=1.0664 ,(1.0114 -1.1245);P=0.0174*
Fracture of lower leg, including ankle —l— OR=1.0768 ,(1.0280 -1.1279 );P=0.0018*
Fracture of lumbar spine and pelvis J—.—‘ OR=1.0489,(0.9767-1.1265 );P=0.1893
Fracture of foot, except ankle I —— OR=1.1081,(1.0389 -1.1819 );P=0.0018*

ASD Fracture of femur —— OR=1.0857,(0.9981-1.1811 );P=0.0555
Osteoporosis ’—I—.—‘ OR=1.0447,(0.9341-1.1685 );P=0.4433
[o} -osis with pathological fracture (FG) i OR=0.9540,(0.7874-1.1559 );P=0.6308
Fracture of shoulder and upper arm l—.—l—< OR=0.9683,(0.8848-1.0597 );P=0.4842
Fracture of neck L I OR=0.9605 ,(0.7874-1.1716 );P=0.6907
Fracture of rib(s), sternum and thoracic spine OR=1.0096,(0.9302-1.0957 );P=0.8198
Fracture of skull and facial bones 1 OR=1.0641,(0.9690 -1.1686 );P=0.0478*
Fracture of forearm '—r—< OR=1.0075,(0.9375-1.0826 );P=0.8392
Fracture at wrist and hand level —— OR=0.9546,(0.8870-1.0274 );P=0.2153
Fracture of lower leg, including ankle >—|.—l OR=1.0173,(0.9618-1.0760 );P=0.5479
Fracture of lumbar spine and pelvis >—I—.—< OR=1.0720,(0.9711-1.1833 );P=0.1679
Fracture of foot, except ankle —a— OR=1.1227 ,(1.0269 -1.2275 );P=0.0110*

TS Fracture of femur ’i OR=1.0087,(0.9653-1.0541 );P=0.6988
Osteoporosis OR=0.9898,(0.9280-1.0557 );P=0.7553
[o] osis with pathological fracture (FG) >—b—< OR=1.0052,(0.9099-1.1104 );P=0.9192
Fracture of shoulder and upper arm OR=0.9933,(0.9567-1.0314 );P=0.7269
Fracture of neck PL OR=1.0096,(0.9107-1.1192 );P=0.8559
Fracture of rib(s), sternum and thoracic spine >—T—~ OR=0.9992 ,(0.9575-1.0427 );P=0.9704
Fracture of skull and facial bones —l— OR=0.9813,(0.9347-1.0303 );P=0.4473
Fracture of forearm '—*—* OR=1.0017,(0.9725-1.0316 );P=0.9122
Fracture at wrist and hand level OR=0.9959,(0.9395-1.0557 );P=0.8897
Fracture of lower leg, including ankle T OR=0.9961,(0.9675-1.0255 );P=0.7923
Fracture of lumbar spine and pelvis i—r—< OR=1.0092,(0.9586-1.0624 );P=0.7272
Fracture of foot, except ankle —l— OR=1.0225,(0.9761-1.0711 );P=0.3483

Intelligence Fracture of femur '—.—'—' OR=0.9026,(0.7987-1.0199 );P=0.1001
Osteoporosis >—|—I—~ OR=1.0944,(0.9392-1.2751 );P=0.2476

Osteoporosis with pathological fracture (FG)

Fracture of shoulder and upper arm

1

. OR=1.2241,(0.9070-1.6521 );P=0.1862
OR=1.0118,(0.9053-1.1308 };P=0.8367

Fracture of neck i

Fracture of rib(s), sternum and thoracic spine ————l—— I
Fracture of skull and facial bones
Fracture of forearm

Fracture at wrist and hand level
Fracture of lower leg, including ankle
Fracture of lumbar spine and pelvis

Fracture of foot, except ankle

S

OR=0.8234,(0.6176-1.0977 );P=0.1853
OR=0.8642 ,(0.7584 -0.9849 );P=0.0286*
OR=0.9430,(0.8125-1.0944 );P=0.4398
OR=1.0923 ,(0.9947-1.1996 );P=0.0646
OR=0.9118 ,(0.8200-1.0140 );P=0.0885
OR=0.9550,(0.8742-1.0432 );P=0.3068
OR=1.0112,(0.8649-1.1822 );P=0.8889
OR=0.9580,(0.8321-1.1030 );P=0.5511

1.10 1.20 130 140 150 1.60 1.70

Fig. 3 The forest map for Causal Relationship Between ADHD, ASD, TS, and Fracture Risk*: 0.05 <P <0.001, ***P<0.001

prevalence of ADHD is significantly higher in adolescents
experiencing chronic pain [49-51], and inflammation is
suggested as a contributing factor in the development
of ADHD and ASD [52, 53]. For instance, inflammatory
pain in newborns and responses in preterm infants may
elevate the risk of NDDs [54]. In individuals with ADHD,
elevated levels of inflammatory biomarkers and inflam-
mation within the central nervous system are believed

to contribute to pain perception and sensitization [54,
55]. This also holds promise for preventing chronic pain
in adults with ADHD through neuroinflammation treat-
ment [56].

Shifting focus to the post-traumatic inflammatory
response, microglia and their associated molecular path-
ways play a pivotal role [57], especially in scenarios like
traumatic brain injury (TBI) [58]. Research indicates
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that TBI coincides with heightened neuroinflammatory
responses, as observed in mice with tibial fractures [59].
These responses are concurrent with disruptions in the
blood-brain barrier and behavioral deficits. The increase
in interleukin-1p (IL-1p) levels in the brain is associated
with these changes, influencing astrocytes, microglia,
and neurons while governing neuroinflammatory pro-
cesses [57, 60]. This series of findings underscores the
intricate interplay among fractures, NDDs, inflamma-
tion, and pain.

Vitamin D is crucial for both musculoskeletal well-
being and brain function. It is indispensable for main-
taining healthy bones, but its deficiency can elevate the
risk of fractures [61, 62]. In terms of brain function, vita-
min D functions as a neurosteroid hormone, influencing
neurodevelopment processes such as nerve cell prolifera-
tion, neurotransmission, oxidative stress regulation, and
immune function—all of which are integral to the central
nervous system [63, 64].

Vitamin D deficiency has been linked to various NDDs
and psychiatric disorders, including ADHD, ASD, and
schizophrenia [65-67]. Individuals with ADHD and ASD
frequently exhibit lower levels of 25-hydroxyvitamin

D (25(OH)D) in their serum compared to their healthy
counterparts [68, 69]. Moreover, an inverse relationship
exists between vitamin D and its receptor levels (VDR)
and the severity of ASD and ADHD (70, 71]. This sug-
gests that vitamin D may play a significant role not
only in the development of ASD but also in ADHD and
fractures.

In the context of ASD, children typically engage in less
physical activity, have a lower BMI, and may not con-
sume adequate amounts of calcium and calories [72, 73].
These factors collectively increase the risk of low bone
density in individuals with ASD [15, 74]. For ADHD,
various factors contribute to injuries and fractures in
affected children. Some of these incidents can be attrib-
uted to the unique characteristics of ADHD [75]. Impul-
sivity is a hallmark symptom of ADHD, characterized by
actions taken without prior thought, insufficient judg-
ment, and a tendency to seek immediate gratification
[10, 75]. Research suggests that children with ADHD,
despite being capable of recognizing dangers, tend to
underestimate the severity of consequences arising from
their behaviors [76]. This inherent impulsivity may ren-
der children with ADHD more susceptible to injuries and
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fractures, even in situations comparable to their peers
without ADHD [75]. Similarly, low intelligence in the
early years has been shown to increase the risk of unin-
tentional injury [77].

However, it is crucial to acknowledge certain limita-
tions in our study. Firstly, we did not analyze the causal
relationship between ADHD, ASD, and fractures based
on variables such as sex, age, BMI, and other relevant
factors. Nevertheless, existing research suggests that
these factors could potentially influence causation. Sec-
ondly, our study exclusively relied on genetic data from
individuals of European ancestry, and we did not validate
our findings in non-European populations. As a result,
the generalizability of our conclusions to non-European
populations remains uncertain.

While our study has several important strengths, pro-
viding insights into healthcare management strategies
for children with ADHD, it is essential to recognize its
limitations. Our findings emphasize the importance of
prioritizing the bone health of children with ADHD by
monitoring their BMD and implementing appropriate
vitamin D supplementation strategies. Furthermore, our
results may prompt a shift in the approach to fractures
in children. ADHD symptoms are often overlooked in the
context of fracture management, and our study aims to
address this gap. One key strength of our research lies in
the application of the MR method. This approach effec-
tively addresses the potential influence of external social
factors on the relationship between exposure variables
and outcomes, thereby enhancing the robustness and
reliability of our findings.
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