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Introduction:Observational studies have yielded inconsistent findings regarding

the correlation between bonemineral density (BMD) and various spinal disorders.

To explore the relationship between total-body BMD and various spinal disorders

further, we conducted a Mendelian randomization analysis to assess this

association.

Methods: Two-sample bidirectional Mendelian randomization (MR) analysis was

employed to investigate the association between total-body BMD and various

spinal disorders. The inverse-variance weighted (IVW) method was used as the

primary effect estimate, and additional methods, including weighted median,

MR-Egger, simple mode, and weighted mode, were used to assess the reliability

of the results. To examine the robustness of the data further, we conducted a

sensitivity analysis using alternative bone-density databases, validating the

outcome data.

Results: MR revealed a significant positive association between total-body BMD

and the prevalence of spondylosis and spinal stenosis. When total-body BMD

was considered as the exposure factor, the analysis demonstrated an increased

risk of spinal stenosis (IVW odds ratio [OR] 1.23; 95% confidence interval [CI],

1.14–1.32; P < 0.001) and spondylosis (IVW: OR 1.24; 95%CI, 1.16–1.33; P <

0.001). Similarly, when focusing solely on heel BMD as the exposure factor, we

found a positive correlation with the development of both spinal stenosis (IVW

OR 1.13, 95%CI, 1.05–1.21; P < 0.001) and spondylosis (IVWOR 1.10, 95%CI, 1.03–

1.18; P = 0.0048). However, no significant associations were found between

total-body BMD and other spinal disorders, including spinal instability,

spondylolisthesis/spondylolysis, and scoliosis (P > 0.05).

Conclusion: This study verified an association of total-body BMD with spinal

stenosis and with spondylosis. Our results imply that when an increasing trend in

BMD is detected during patient examinations and if the patient complains of

numbness and pain, the potential occurrence of conditions such as spondylosis

or spinal stenosis should be investigated and treated appropriately.
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1 Introduction

The spine, the central axis of the human body, is a complex and

intricate support structure. Its role extends beyond safeguarding the

spinal cord and ensuring the execution of various bodily functions

(1). With age, spinal columns experience excessive loads and

degenerative conditions, such as intervertebral disc herniation,

cartilage degeneration in small joints, and ligament calcification,

develop. These degenerative changes can lead to spinal stenosis,

spondylosis, spinal instability, and vertebral slippage (1–4). This

commonly causes symptoms, such as neck and back pain and

numbness, which substantially disrupt the quality of daily life (5).

Bone mineralization density (BMD) reflects the mineralization

level of bones and is directly correlated with skeletal hardness (6).

When bone formation lags behind resorption, significant loss of

trabecular bone occurs, predisposing individuals to fractures. This

condition is particularly prevalent in postmenopausal women (6, 7).

Various methods are available for BMD assessment, with dual-

energy X-ray absorptiometry (DXA) being the most widely used.

DXA is primarily used to evaluate, diagnose, and treat osteoporosis

(8). Total-body BMD measurement by DXA is the most suitable

approach for longitudinal assessment of BMD changes in specific

skeletal regions, as extensively used in previous research (9).

Quantitative ultrasound (QUS) techniques, which are less precise

than DXA, are also often used in clinical examinations because of

their sensitivity for assessing trabecular bone, which is

predominantly present in the calcaneus. QUS does not involve

exposure to radiation and is economically viable (10, 11). Only a few

studies to date have focused on the relationship between BMD and

spinal conditions. Andersen et al. suggest that lower bone density

may result in lumbar spondylolisthesis, leading to spinal stenosis

(12). On the other hand, Manabe and Fujita have proposed that

higher BMD may contribute to articular cartilage damage and

ligament ossification, which can then lead to spinal injuries (13,

14). Furthermore, compared to patients with osteoporosis, higher
Frontiers in Endocrinology 02
BMD may also be an important risk factor for the development of

spinal disorders (15).

Mendelian randomization (MR) is a method for inferring

causation that is based on genetic variation. It leverages large-

scale genome-wide association study (GWAS) data to explore the

causal associations between specific exposures and outcomes (16).

Similar to randomized controlled trials, where participants are

randomly assigned to experimental or control groups, MR studies

involve the “randomization” of one or more alleles associated with

risk factors. This approach is used to determine whether carriers of

particular genetic variants are more susceptible to development of a

specific disease than are noncarriers (17). Unlike traditional

observational studies, MR associations remain unaffected by

confounding factors. Moreover, GWAS databases are publicly

accessible and contain many single nucleotide polymorphisms

(SNPs) corresponding to various human traits (18).

We sought to determine the risk factors for common spinal

disorders, which is crucial for reducing their incidence and

improving prognosis. Given the potential significance of BMD to

the pathogenesis of spinal disorders, the present study employed a

two-sample MR analysis using genetically linked variations that are

strongly correlated with total-body BMD as unconfounded

variables for exploring the relationship between total-body BMD

and common spinal disorders.
2 Materials and methods

2.1 Research design

The research design is illustrated in Figure 1. Initially, we

conducted an MR analysis to assess the causal relationship

between total-body BMD and various spinal disorders. To

validate the reliability of the exposure factor, we used a different

set of GWAS data and re-conducted MR analysis to confirm the
FIGURE 1

Mendelian randomization (MR) analyses utilizing total-body bone mineral density (BMD) and heel BMD single nucleotide polymorphisms (SNPs) as
instrumental variables to establish the causal impact of BMD on different spinal disorders.
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relationship between heel BMD and spinal disorders. The need to

obtain informed consent was waived because the data was

deidentified, publicly available database.
2.2 Data resource

The GWAS data used in this study included the year of

publication, sample size, SNP count, and population information,

as detailed in Table 1. We made every effort to select the databases

with the largest possible sample sizes and the most recent data. The

total-body BMD database published in 2018 (9) was derived from

European Bioinformatics Institute (EBI) data (ebi-a-GCST005348)

integrated into the Integrative Epidemiology Unit (IEU) OPEN

GWAS database. This database comprises a sample size of 56,284

individuals of European descent and 13,705,641 SNP markers. For

validation purposes, heel BMD data comprises a sample size of

106,254 individuals of European descent and 10,894,596 SNP

markers, obtained from the UK Biobank (UKB) data (ukb-a-361)

within the IEU GWAS database. And Lumbar spine BMD

comprises a sample size of 28,498 individuals and 10,582,897 SNP

markers, obtained from the IEU database (ieu-a-982). The outcome

data were derived from the FinnGen database.
2.3 Instrumental variable selection

Initially, genome-wide SNPs significantly associated with total-

body BMD (P < 5 × 10-8) were screened from the database. These

SNPs were then employed as instrumental variables to assess the

causal relationship between exposure and outcomes in MR analysis.

SNPs in linkage disequilibrium (LD) were considered independent

if their pairwise correlation coefficient (r2) was < 0.001 and their

distance exceeded 10,000 kb. Confounding factors were screened

and removed using PhenoScanner(No confounding factors were
Frontiers in Endocrinology 03
found in this study). Instrument strength was estimated using the F-

statistic, and F-statistics less than 10 were deemed indicative of

weak instrument bias and were subsequently excluded (19, 20).
2.4 Statistical analysis

In the MR analysis, the inverse-variance weighted (IVW)

method was employed as the primary approach to explore the

relationship between total-body BMD and various spinal disorders

(21). Heel BMD and Lumbar spine BMD, from different databases,

were used as exposure factors, and various methods such as the MR-

Egger, weighted median, simple mode, and weighted mode were

applied to test the reliability and stability of the results (11, 22). All

statistical analyses were conducted using the ‘Two Sample MR’

(version 0.5.6) and ‘Mendelian Randomization’ (version 0.5.1)

packages in the R software(version 4.3.1) environment. Statistical

significance was set at P < 0.05. significant.
3 Results

The positive association between total-body BMD and various

spinal disorders was investigated using MR analysis, as presented in

Table 2. The results obtained after replacement of the exposure data

are shown in Table 3 and 4.

The results showed no significant association (P > 0.05) between

total-body BMD and spinal instability, spondylolisthesis, and

scoliosis. However, significant associations were found with spinal

stenosis and spondylosis (P < 0.001). An increase of one standard

deviation (SD) in total-body BMD was associated with a 23%

increased risk of spinal stenosis (IVW odds ratio [OR] 1.23; 95%

confidence interval [CI]: 1.14–1.32; P < 0.001; Figure 2) and with a

24% increased risk of spondylosis (IVWOR 1.24; 95%CI: 1.16–1.33;

P = 0.0048; Figure 2). In the overall IVWmeta-analysis, the OR of a
TABLE 1 Description of GWAS consortia utilized for different phenotypes.

Variable Sample size Numbers of SNPs Population Diagnostic criteria Consortium Year

Total-body BMD 56,284 16,162,733 European NA GEFOS 2018

Heel BMD 106,254 10,894,596 European NA UKB 2017

Lumbar spine BMD 28,498 10,582,867 Mixed NA GEFOS 2015

Spinal stenosis case: 9,169
control: 164,682

16,380,277 European ICD10: M48.091 FinnGen 2021

Spondylosis case: 9,371
control: 164,682

16,380,248 European ICD10: M47.025+
ICD10: M47.121+
ICD10: M47.225+
ICD10: G54.251

FinnGen 2021

Spinal instability case: 443
control: 164,682

16,380,219 European ICD10: M53.295 FinnGen 2021

Spondylolisthesis/Spondylolysis case: 2,669
control: 164,682

16,380,280 European ICD10: M43.191
ICD10: Q76.201

FinnGen 2021

Scoliosis case:1,168
control: 164,682

16,380,270 European ICD10: M41.992 FinnGen 2021
frontie
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1-SD increase in genetically predicted spinal stenosis was 1.13 (95%

CI, 1.05–1.21; P < 0.001; Figure 2) and that of spondylosis was 1.10

(95%CI, 1.03–1.18; P = 0.0048; Figure 2).

Consistent with the above results, heel BMD was associated

with spinal stenosis (P < 0.001) and spondylosis (P<0.05), but

showed no significant association (P > 0.05) with other spinal

disorders. Lumbar spine BMD was associated with spinal stenosis

(P < 0.001) and spondylosis (P < 0.001), but showed no significant

association (P > 0.05) with other spinal disorders. Compared to

Total-body BMD, lumbar spine BMD yields consistent data analysis

results with various spinal disorders as an exposure factor.

However, these results are for reference purposes only. Please

refer to the discussion section for a detailed explanation.

The results of the univariate MR analysis showed no evidence of

potential weak instrument bias (all F-statistics > 10). MR-Egger

analysis indicated no horizontal pleiotropy (intercept P > 0.05).

A sensitivity analysis was conducted using the leave-one-out

method (Supplementary Figure 1), which demonstrated the
Frontiers in Endocrinology 04
robustness of the results (all points were located to the right of

zero, indicating that the exclusion of any SNP did not fundamentally

change the results). The funnel plot (Supplementary Figure 1)

showed no publication or other biases (all points were evenly

distributed on both sides of the effect line). The slope of the line in

the scatter plot (Supplementary Figure 1) reflected a positive

correlation of total-body BMD with spinal stenosis and with

spondylosis. Each solid horizontal line in the forest plot

(Supplementary Figure 1) represents the results estimated from

various SNPs using the Wald ratio method. Taken together, these

approaches demonstrated the reliability of our results.
4 Discussion

In this study, we used GWAS data from public databases with

substantial sample sizes to investigate the association between total-

body BMD and various spinal disorders, using dual-sample MR
TABLE 2 Results of MR analysis for total-body BMD on various spinal disorders among GWAS populations.

IVW SNPs Beta Standard error OR(95%Cl) P-value

Spinal stenosis 79 0.2069 0.0367 1.2298 (1.1446,1.3214) P<0.001*

Spondylosis 79 0.2141 0.0347 1.2387 (1.1572,1.3260) P<0.05*

Spinal instability 79 0.235 0.1284 1.2649 (0.9834,1.6271) 0.0673

Spondylolisthesis/Spondylolysis 79 0.0262 0.0498 1.0265 (0.9311,1.1317) 0.5993

Scoliosis 79 -0.0468 0.0752 0.7423 (0.4545,1.2123) 0.5336
fro
BMD, bone mineral density; IVW, inverse-variance weighting; GWAS, genome-wide association study; MR, Mendelian randomization; SNPs, single nucleotide polymorphisms. (“*” was
considered statistically significant).
TABLE 3 Results of MR analysis for heel BMD on various spinal disorders among GWAS populations.

IVW SNPs Beta Standard error OR(95%Cl) P-value

Spinal stenosis 126 0.1220 0.0367 1.1296 (1.0514,1.2139) P<0.001*

Spondylosis 126 0.0955 0.0338 1.1002 (1.0296,1.1756) P<0.05*

Spinal instability 126 0.0806 0.1157 1.0840 (0.8641,1.3598) 0.4858

Spondylolisthesis/Spondylolysis 126 0.0317 0.0592 1.0322 (0.9190,1.1593) 0.5928

Scoliosis 126 0.0147 0.0687 1.0148 (0.8870,1.1609) 0.831
BMD, bone mineral density; GWAS, genome-wide association study; IVW, inverse-variance weighting; MR, Mendelian randomization; SNPs, single nucleotide polymorphisms. (“*” was
considered statistically significant).
TABLE 4 Results of MR analysis for lumbar spine BMD on various spinal disorders among GWAS populations.

IVW SNPs Beta Standard error OR (95%Cl) P-value

Spinal stenosis 21 0.3259 0.0464 1.3852 (1.2647,1.5172) P<0.001*

Spondylosis 21 0.2617 0.0413 1.2992 (1.1981,1.4087) P<0.001*

Spinal instability 21 -0.0943 0.1862 0.9100 (0.6317,1.3109) 0.6124

Spondylolisthesis/
Spondylolysis

21 0.0491 0.0786 1.0504 (0.9004,1.2254) 0.532

Scoliosis 21 -0.1256 0.1216 0.8820 (0.6950,1.1193) 0.3016
BMD, bone mineral density; GWAS, genome-wide association study; IVW, inverse-variance weighting; MR, Mendelian randomization; SNPs, single nucleotide polymorphisms. (“*” was
considered statistically significant).
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analysis. Supplementary validation tests were performed using

exposure factors from other databases. In this way, we

demonstrated the significant correlations of total-body BMD and

heel BMD with spinal stenosis and with spondylosis, indicating that

BMD is a crucial risk factor for these conditions.

Spondylosis, also known as degenerative disease, often arises

from age-related changes in vertebral components, including

vertebral disc calcification, facet joint instability, and ligament

ossification (23). Spinal stenosis is commonly found in the

cervical and lumbar regions, with the cervical region being more

prevalent (24). Notably, posterior longitudinal ligament ossification

is a pivotal etiological factor in this condition (25).

Numerous studies have highlighted the role of BMD in various

spinal disorders, which has attracted widespread clinical attention (26–

28). However, robust clinical evidence for a strong relationship between

BMD and conditions of the spine remained insufficient (29). Previous

studies have reported that patients with ossification of the posterior

longitudinal ligament (OPLL) in thecervical spineexhibited significantly

higher average BMD than did those in the control group (30, 31).

Moreover, elevated levels of bone formationmarkers (Procollagen Type

1- Carboxy terminal propeptide [PICP] and intact osteocalcin) have

been detected in the serum of patients with OPLL (32). This finding

might indicate elevated overall bone formation activity in patients with

OPLL, suggesting a potential link between disease progression and bone

formation, which has been suggested by previous studies (33–35).

Given that the conclusions of previous studies have often been

based on lumbar spine BMD data, the density measurements might be

exaggerated by the ossified ligament itself (35, 36). Therefore, we do not

intend to provide further explanation. A recent publication employed

total-body BMD as the primary indicator of the impact of systemic
Frontiers in Endocrinology 05
bone metabolism, in a comparison between OPLL and non-OPLL

patients (14, 31, 32). In agreement with our study, they found

significantly higher total-body BMD in OPLL patients, particularly

amongmiddle-aged and older women andmen (14).We speculate that

appropriately controlling a patient’s total-body BMD at the average

population level may be advantageous for managing disease

progression. When an increasing trend in BMD is detected during

patient examinations and if the patient complains of numbness, pain,

and the sensation of walking on cotton, awareness and vigilance for the

potential occurrence of conditions such as spondylosis or spinal

stenosis are needed (37, 38). In particular, previous studies have

indicated a significant correlation between increased BMD and lower

back pain in middle-aged women (13). Follow-up spinal computed

tomography scans should be conducted to assess issues, such as

ligament ossification (39), and prompt treatment should be

administered, as necessary (40).

The strength of this study lies in the utilization of multiple

extensive GWAS summary datasets. Employing stringent quality

control conditions and analytical methodologies for MR analysis, we

revealed causal relationships and endeavored to minimize bias in the

outcomes. Our results hold paramount significance for guiding the

prevention and development of spondylosis and spinal stenosis and

informing future clinical research directions. Furthermore, the

robustness of our results was reaffirmed by substituting BMD data

from different anatomical regions and using a larger sample size for

exposure factors. Furthermore, given the paucity of research on the

relationship between total-body BMD and various spinal disorders, we

here used MR because of its relatively straightforward and feasible

design, as compared with previous observational studies. Nonetheless,

our study was limited in that the GWAS data were derived exclusively
FIGURE 2

Results of Mendelian randomization (MR) analysis for total-body bone mineral density (BMD) and heel BMD single nucleotide polymorphisms (SNPs)
on spinal stenosis and spondylosis though five methods.
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from individuals of European descent, which precludes the

generalization of the results to other populations. Considering the

limited research on the association between total-body bone mineral

density (BMD) and spinal disorders, future investigations should delve

into potential genetic-level mechanisms, expand sample sizes, and

formulate clinical guidelines for the early detection and intervention

of these conditions.
5 Conclusion

In conclusion, this study provided evidence of a positive

correlation between total-body BMD and the prevalence of

spondylosis and spinal stenosis, but found no association with

other spinal disorders. Higher levels of total-body BMD are

associated with an elevated risk of spondylosis and spinal stenosis

development. Our results imply patients demonstrating an

increasing trend in BMD and who have complaints of numbness

and pain should be investigated for possible spondylosis or spinal

stenosis and should be treated appropriately.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be

directed to the corresponding author.
Ethics statement

All data were obtained from the IEU and the Finnish databases.

The studies were conducted in accordance with the local legislation

and institutional requirements. The participants provided their

written informed consent to participate in this study.
Author contributions

AS: Supervision, Writing – review and editing. QJ: Writing –

original draft. HG: Formal Analysis, Writing – review and editing.

XS: Methodology, Writing – review and editing. YW: Data
Frontiers in Endocrinology 06
curation, Writing – review and editing. WN: Writing – review

and editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This work

was supported by The National Key Research and Development

Program of China (Grant number: 2022YFC2703304) and Capital’s

Funds for Health Improvement and Research (grant number:

CFH2022-2-5022).
Acknowledgments

The authors sincerely thank the Physician Scientist Team for

their enthusiastic and meticulous teaching and guidance on

Mendelian randomization study.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fendo.2023.1285137/

full#supplementary-material
References
1. Iorio JA, Jakoi AM, Singla A. Biomechanics of degenerative spinal disorders.
Asian Spine J (2016) 10:377–84. doi: 10.4184/asj.2016.10.2.377

2. Horst M, Brinckmann P. Volvo award in biomechanics. Measurement of the
distribution of axial stress on the end-plate of the vertebral body. Spine 1981 (1980)
6:217–32. doi: 10.1097/00007632-198105000-00004

3. Mulholland RC, Sengupta DK. Rationale, principles and experimental evaluation
of the concept of soft stabilization. Eur Spine J (2002) 11 Suppl 2:S198–205.
doi: 10.1007/s00586-002-0422-x

4. Sengupta DK, Fan H. The basis of mechanical instability in degenerative disc
disease: a cadaveric study of abnormal motion versus load distribution. Spine (2014)
39:1032–43. doi: 10.1097/brs.0000000000000292
5. Kamalapathy PN, Hassanzadeh H. Spinal care in the aging athlete. Clin Sports
Med (2021) 40:571–84. doi: 10.1016/j.csm.2021.04.003
6. Chilibeck PD, Sale DG, Webber CE. Exercise and bone mineral density. Sports

Med (1995) 19:103–22. doi: 10.2165/00007256-199519020-00003
7. Notelovitz M, Martin D, Tesar R, Khan FY, Probart C, Fields C, et al. Estrogen

therapy and variable-resistance weight training increase bone mineral in surgically
menopausal women. J Bone Miner Res (1991) 6:583–90. doi: 10.1002/jbmr.5650060609
8. Eastell R. Treatment of postmenopausal osteoporosis. N Engl J Med (1998)

338:736–46. doi: 10.1056/nejm199803123381107

9. Medina-Gomez C, Kemp JP, Trajanoska K, Luan J, Chesi A, Ahluwalia TS, et al. Life-
course genome-wide association study meta-analysis of total body BMD and assessment of
age-specific effects. Am J Hum Genet (2018) 102:88–102. doi: 10.1016/j.ajhg.2017.12.005
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fendo.2023.1285137/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2023.1285137/full#supplementary-material
https://doi.org/10.4184/asj.2016.10.2.377
https://doi.org/10.1097/00007632-198105000-00004
https://doi.org/10.1007/s00586-002-0422-x
https://doi.org/10.1097/brs.0000000000000292
https://doi.org/10.1016/j.csm.2021.04.003
https://doi.org/10.2165/00007256-199519020-00003
https://doi.org/10.1002/jbmr.5650060609
https://doi.org/10.1056/nejm199803123381107
https://doi.org/10.1016/j.ajhg.2017.12.005
https://doi.org/10.3389/fendo.2023.1285137
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Jiang et al. 10.3389/fendo.2023.1285137
10. Rozental TD, Shah J, Chacko AT, Zurakowski D. Prevalence and predictors of
osteoporosis risk in orthopaedic patients. Clin Orthop Relat Res (2010) 468:1765–72.
doi: 10.1007/s11999-009-1162-6

11. Zhou YS, Song JK, Zheng ZJ, Li SY, Liu JG, Peng JX. Heel bone mineral density
and various oral diseases: a bidirectional Mendelian randomization. J Bone Miner
Metab (2023) 41(5):673–81. doi: 10.1007/s00774-023-01443-w

12. Andersen T, Christensen FB, Langdahl BL, Ernst C, Fruensgaard S, Østergaard J,
et al. Degenerative spondylolisthesis is associated with low spinal bone density: a
comparative study between spinal stenosis and degenerative spondylolisthesis. BioMed
Res Int (2013) 2013:123847. doi: 10.1155/2013/123847

13. Manabe T, Takasugi S, Iwamoto Y. Positive relationship between bone mineral
density and low back pain in middle-aged women. Eur Spine J (2003) 12:596–601.
doi: 10.1007/s00586-003-0585-0

14. Fujita R, Endo T, Takahata M, Koike Y, Yoneoka D, Suzuki R, et al. High whole-
body bone mineral density in ossification of the posterior longitudinal ligament. Spine J
(2023) 23(10):1461–70. doi: 10.1016/j.spinee.2023.06.400

15. Gregson CL, Hardcastle SA, Cooper C, Tobias JH. Friend or foe: high bone
mineral density on routine bone density scanning, a review of causes and management.
Rheumatol (Oxford) (2013) 52:968–85. doi: 10.1093/rheumatology/ket007

16. Emdin CA, Khera AV, Kathiresan S. Mendelian randomization. Jama (2017)
318:1925–6. doi: 10.1001/jama.2017.17219

17. Arsenault BJ. From the garden to the clinic: how Mendelian randomization is
shaping up atherosclerotic cardiovascular disease prevention strategies. Eur Heart J
(2022) 43:4447–9. doi: 10.1093/eurheartj/ehac394

18. Lawlor DA, Harbord RM, Sterne JA, Timpson N, Davey Smith G. Mendelian
randomization: using genes as instruments for making causal inferences in
epidemiology. Stat Med (2008) 27:1133–63. doi: 10.1002/sim.3034

19. Pierce BL, Ahsan H, Vanderweele TJ. Power and instrument strength
requirements for Mendelian randomization studies using multiple genetic variants.
Int J Epidemiol (2011) 40:740–52. doi: 10.1093/ije/dyq151

20. Bowden J, Del Greco MF, Minelli C, Davey Smith G, Sheehan NA, Thompson
JR. Assessing the suitability of summary data for two-sample Mendelian randomization
analyses using MR-Egger regression: the role of the I2 statistic. Int J Epidemiol (2016)
45:1961–74. doi: 10.1093/ije/dyw220

21. Burgess S, Davey Smith G, Davies NM, Dudbridge F, Gill D, Glymour MM, et al.
Guidelines for performing Mendelian randomization investigations: update for summer
2023. Wellcome Open Res (2019) 4:186. doi: 10.12688/wellcomeopenres.15555.3

22. Huang Y, Wang J, Yang H, Lin Z, Xu L. Causal associations between
polyunsaturated fatty acids and kidney function: A bidirectional Mendelian
randomization study.Am J Clin Nutr (2023) 117:199–206. doi: 10.1016/j.ajcnut.2022.11.010

23. Theodore N. Degenerative cervical spondylosis. N Engl J Med (2020) 383:159–68.
doi: 10.1056/NEJMra2003558

24. Melancia JL, Francisco AF, Antunes JL. Spinal stenosis. Handb Clin Neurol
(2014) 119:541–9. doi: 10.1016/b978-0-7020-4086-3.00035-7

25. Nagashima C. Cervical myelopathy due to ossification of the posterior
longitudinal ligament. J Neurosurg (1972) 37:653–60. doi: 10.3171/jns.1972.37.6.0653

26. Yang Y, Han X, Chen Z, Li X, Zhu X, Yuan H, et al. Bone mineral density in
children and young adults with idiopathic scoliosis: a systematic review and meta-
analysis. Eur Spine J (2023) 32:149–66. doi: 10.1007/s00586-022-07463-w
Frontiers in Endocrinology 07
27. Muraki S, Yamamoto S, Ishibashi H, Horiuchi T, Hosoi T, Orimo H, et al.
Impact of degenerative spinal diseases on bone mineral density of the lumbar spine in
elderly women. Osteoporos Int (2004) 15:724–8. doi: 10.1007/s00198-004-1600-y

28. Grams AE, Rehwald R, Bartsch A, Honold S, Freyschlag CF, Knoflach M, et al.
Correlation between degenerative spine disease and bone marrow density: a
retrospective investigation. BMC Med Imaging (2016) 16:17. doi: 10.1186/s12880-
016-0123-2

29. Park HY, Ha JY, Kim KW, Baek IH, Park SB, Lee JS. Effect of lumbar spinal
stenosis on bone mineral density in osteoporosis patients treated with ibandronate.
BMC Musculoskelet Disord (2021) 22:412. doi: 10.1186/s12891-021-04273-x

30. Hirai N, Ikata T, Murase M, Morita T, Katoh S. Bone mineral density of the
lumbar spine in patients with ossification of the posterior longitudinal ligament of the
cervical spine. J Spinal Disord (1995) 8:337–41. doi: 10.1097/00002517-199510000-
00001

31. Yamauchi T, Taketomi E, Matsunaga S, Sakou T. Bone mineral density in
patients with ossification of the posterior longitudinal ligament in the cervical spine. J
Bone Miner Metab (1999) 17:296–300. doi: 10.1007/s007740050098

32. Matsui H, Yudoh K, Tsuji H. Significance of serum levels of type I procollagen
peptide and intact osteocalcin and bone mineral density in patients with ossification of
the posterior longitudinal ligaments. Calcif Tissue Int (1996) 59:397–400. doi: 10.1007/
s002239900146

33. Chiba K, Kato Y, Tsuzuki N, Nagata K, Toyama Y, Iwasaki M, et al. Computer-
assisted measurement of the size of ossification in patients with ossification of the
posterior longitudinal ligament in the cervical spine. J Orthop Sci (2005) 10:451–6.
doi: 10.1007/s00776-005-0925-5

34. Saetia K, Cho D, Lee S, Kim DH, Kim SD. Ossification of the posterior
longitudinal ligament: a review. Neurosurg Focus (2011) 30:E1. doi: 10.3171/
2010.11.focus10276

35. Sohn S, Chung CK. Increased bone mineral density and decreased prevalence of
osteoporosis in cervical ossification of the posterior longitudinal ligament: a case-
control study. Calcif Tissue Int (2013) 92:28–34. doi: 10.1007/s00223-012-9662-x

36. Doi T, Ohashi S, Ohtomo N, Tozawa K, Nakarai H, Yoshida Y, et al. Evaluation
of bone strength using finite-element analysis in patients with ossification of the
posterior longitudinal ligament. Spine J (2022) 22:1399–407. doi: 10.1016/
j.spinee.2022.02.018

37. Lee GY, Lee JW, Choi HS, Oh KJ, Kang HS. A new grading system of lumbar
central canal stenosis on MRI: an easy and reliable method. Skeletal Radiol (2011)
40:1033–9. doi: 10.1007/s00256-011-1102-x

38. Kirkaldy-Willis WH, Paine KW, Cauchoix J, McIvor G. Lumbar spinal stenosis.
Clin Orthop Relat Res (1974) 99:33–50. doi: 10.1097/00003086-197403000-00004

39. Singh NA, Shetty AP, Jakkepally S, Kumarasamy D, Kanna RM, Rajasekaran S.
Ossification of posterior longitudinal ligament in cervical spine and its association with
ossified lesions in the whole spine: A cross-sectional study of 2500 CT scans. Global
Spine J (2023) 13:122–32. doi: 10.1177/2192568221993440

40. Bussières A, Cancelliere C, Ammendolia C, Comer CM, Zoubi FA, Châtillon CE,
et al. Non-surgical interventions for lumbar spinal stenosis leading to neurogenic
claudication: A clinical practice guideline. J Pain (2021) 22:1015–39. doi: 10.1016/
j.jpain.2021.03.147
frontiersin.org

https://doi.org/10.1007/s11999-009-1162-6
https://doi.org/10.1007/s00774-023-01443-w
https://doi.org/10.1155/2013/123847
https://doi.org/10.1007/s00586-003-0585-0
https://doi.org/10.1016/j.spinee.2023.06.400
https://doi.org/10.1093/rheumatology/ket007
https://doi.org/10.1001/jama.2017.17219
https://doi.org/10.1093/eurheartj/ehac394
https://doi.org/10.1002/sim.3034
https://doi.org/10.1093/ije/dyq151
https://doi.org/10.1093/ije/dyw220
https://doi.org/10.12688/wellcomeopenres.15555.3
https://doi.org/10.1016/j.ajcnut.2022.11.010
https://doi.org/10.1056/NEJMra2003558
https://doi.org/10.1016/b978-0-7020-4086-3.00035-7
https://doi.org/10.3171/jns.1972.37.6.0653
https://doi.org/10.1007/s00586-022-07463-w
https://doi.org/10.1007/s00198-004-1600-y
https://doi.org/10.1186/s12880-016-0123-2
https://doi.org/10.1186/s12880-016-0123-2
https://doi.org/10.1186/s12891-021-04273-x
https://doi.org/10.1097/00002517-199510000-00001
https://doi.org/10.1097/00002517-199510000-00001
https://doi.org/10.1007/s007740050098
https://doi.org/10.1007/s002239900146
https://doi.org/10.1007/s002239900146
https://doi.org/10.1007/s00776-005-0925-5
https://doi.org/10.3171/2010.11.focus10276
https://doi.org/10.3171/2010.11.focus10276
https://doi.org/10.1007/s00223-012-9662-x
https://doi.org/10.1016/j.spinee.2022.02.018
https://doi.org/10.1016/j.spinee.2022.02.018
https://doi.org/10.1007/s00256-011-1102-x
https://doi.org/10.1097/00003086-197403000-00004
https://doi.org/10.1177/2192568221993440
https://doi.org/10.1016/j.jpain.2021.03.147
https://doi.org/10.1016/j.jpain.2021.03.147
https://doi.org/10.3389/fendo.2023.1285137
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Total body bone mineral density and various spinal disorders: a Mendelian randomization study
	1 Introduction
	2 Materials and methods
	2.1 Research design
	2.2 Data resource
	2.3 Instrumental variable selection
	2.4 Statistical analysis

	3 Results
	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


