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Background: Bone health may be associated with cerebral small vessel disease. This study aims to explore the correlation between bone turnover biomarkers (BTMs) and parathyroid hormone (PTH) with the severity of white matter hyperintensities (WMH).

Materials and methods: We retrospectively analyzed 213 inpatients from the Neurology Department of Beijing Jishuitan Hospital between June 2021 and May 2022. The WMH burden was assessed semi-quantitatively using the age-related white matter changes scale and the Fazekas scale, with the latter separately evaluating periventricular WMH (PWMH) and deep WMH (DWMH). Participants were categorized into two groups based on WMH severity. Binary logistic regression was performed to investigate the relationship, and subgroup analyses were conducted across subgroups stratified by sex, hypertension, and diabetes.

Results: Patients with severe WMH, PWMH, and DWMH had significantly higher β-carboxy-terminal cross-linked telopeptide of type 1 collagen (β-CTX) and PTH levels compared to those in the mild groups. After adjusting for confounding factors, elevated β-CTX levels remained associated with severe WMH (OR: 4.44, 95% CI: 1.33–14.81) and severe PWMH (OR: 6.37, 95% CI: 1.80–22.47), while increased PTH levels were associated with severe DWMH (OR: 1.02, 95% CI: 1.01–1.05). Subgroup analysis showed a significant relationship between PTH and the severity of WMH and PWMH in patients with diabetes (p for interaction < 0.05).

Conclusion: β-CTX was independently linked to WMH/PWMH severity, and PTH to DWMH severity, pointing to a possible bone–cerebrovascular axis. Larger prospective and interventional studies should confirm these markers as potential CSVD biomarkers and treatment targets.
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1 Introduction

Cerebral small vessel disease (CSVD) is a leading cause of stroke, vascular dementia, and vascular parkinsonism. It is also associated with gait abnormalities, recurrent falls and mood disorders, significantly impairing brain health and imposing heavy burden on families and society (1). White matter hyperintensities (WMH), a characteristic imaging feature of CSVD, are highly prevalent. In low-income and middle-income countries, the median prevalence of moderate-to-severe WMH is reported to be 20.5% in the general community, 40.5% in stroke patients, and 58.4% in individuals with dementia (2). In high-income countries, the prevalence of WMH among elder adults is relatively high, ranging from 65 to 96% (3). WMH are independently and significantly associated with stroke, mild cognitive impairment and dementia (3, 4). WMH start slowly and progress gradually, with no early biomarkers available for screening or prediction. Because the exact cause is still unclear, treatment options are limited. Therefore, further research on WMH is highly needed.

In recent years, growing interest in cross-organ crosstalk has brought the emerging concept of the “bone–brain axis” into focus. Bone is now recognized as an atypical endocrine organ that contributes to systemic energy and mineral homeostasis (5). Growing evidence links abnormal bone metabolism to brain dysfunction in neurodegenerative diseases, though the mechanisms are still unclear (6, 7). The bone–brain axis explores how bone metabolism affects the brain, aiming to find new ways to prevent and treat neurological diseases.

Bone tissue undergoes continuous remodeling and reconstruction through the dynamic process of bone turnover, which is mediated by osteoclasts and osteoblasts. Disruption of bone turnover is a key pathophysiological mechanism underlying various bone diseases. Bone turnover biomarkers (BTMs) are generated as metabolic byproducts during bone turnover. These biomarkers reflect the levels and activities of bone formation and resorption, making them valuable for the diagnosis and differentiation of bone disease. BTMs are typically categorized into markers of bone formation and resorption. Procollagen type 1 N-terminal propeptide (P1NP), a product of type 1 procollagen cleavage, is a sensitive indicator of systemic bone formation, while osteocalcin (OC), the most abundant non-collagen protein in bone tissue, also reflects bone formation activity and is involved in regulating glucose and lipid metabolism. On the other hand, carboxy-terminal cross-linked telopeptide of type 1 collagen (CTX), a degradation product of type 1 collagen, serves as a highly sensitive and specific marker of bone resorption, with β-CTX being particularly reliable (8). Bone resorption and formation are regulated by endocrine hormones, with parathyroid hormone (PTH) playing an important role.

Osteoporosis and atherosclerosis frequently coexist—both are age-related public-health challenges that share many risk factors (9). Recently, the possible connection between bone health and vascular diseases has attracted growing attention. Studies have shown that bone mineral density (BMD) loss is significantly associated with an increased burden of CSVD (10). Circulating bone-resorption markers are higher in individuals with increased carotid intima-media thickness and correlate positively with brachial–ankle pulse-wave velocity (11). Studies have shown osteoporosis and atherosclerosis may intersect through similar molecular pathways—bone and vascular mineralization, lipid-oxidation products, and chronic inflammation (9). PTH, a key endocrine regulator of bone turnover, also has systemic vascular effects. Elevated PTH levels have been reported in patients with ischemic stroke and are associated with greater carotid intima-media thickness and more severe WMH (12–14). In patients with primary hyperparathyroidism and concurrent hypertension, parathyroidectomy often lowers blood pressure, possibly because excess PTH stimulates renin release and calcium–phosphate imbalance impairs endothelial relaxation (15, 16). Together, these observations imply that PTH might promote CSVD by disrupting endothelial homeostasis, promoting calcium–phosphate dysregulation, and aggravating hypertension.

These findings suggest that bone-related metabolic factors may influence the development and severity of WMH. Despite growing evidence, studies linking bone metabolism to WMH remain limited and unsystematic. Thus we examined two formation markers (P1NP and OC), one resorption marker (β-CTX), and the regulatory hormone PTH. By testing their associations with WMH, we aim to explore potential biological links between altered bone metabolism and CSVD and to offer a practical hypothesis for future mechanistic and clinical work.



2 Materials and methods


2.1 Ethics approval

Ethical approval for this study was obtained from the Ethics Committee of Beijing Jishuitan Hospital (Approval No. Ji Lun [K2025] No. 164-00). Informed consent was waived due to the retrospective design and minimal use of personal information.



2.2 Participants

We retrospectively reviewed the medical records of inpatients from the Neurology Department of Beijing Jishuitan Hospital between June 2021 and May 2022. Adult patients who had undergone both brain magnetic resonance imaging (MRI) and BTM testing were included in the study. Patients were excluded if they met any of the following criteria: (1) A medical history affecting BTMs (such as multiple myeloma, bone tumor, recent fractures within the past 3 months and parathyroid dysfunction). (2) Use of medications known to influence BTMs (such as corticosteroids, heparin, warfarin and antiepileptic drugs). (3) White matter lesions caused by other causes (such as central nervous system demyelinating diseases and progressive multifocal leukoencephalopathy). (4) Difficulty in evaluating WMH (such as extensive cerebral infarction). (5) Pregnancy or postpartum within 1 year.



2.3 Data collection

Patient data were extracted from medical records, including demographic details (age and sex) and clinical information such as history of hypertension, diabetes mellitus (DM), cerebral infarction, smoking, height and weight. Hypertension was defined as a systolic blood pressure ≥140 mmHg, diastolic blood pressure ≥90 mmHg, or the use of antihypertensive medication. DM was defined as hemoglobin A1c > 6.5%, self-reported diabetes, or the use of antidiabetic medication. Body mass index (BMI) was calculated as weight (kg) divided by height squared (m2), and obesity was defined as BMI ≥ 28 kg/m2 (17). Laboratory test results were collected, including levels of total cholesterol (TCHO), triglycerides (TG), high-density lipoprotein (HDL), low-density lipoprotein (LDL), homocysteine (HCY), serum creatinine, uric acid (UA), serum calcium, serum phosphate, total procollagen type 1N-terminal propeptide (tP1NP), β-CTX, OC, PTH and 25-hydroxyvitamin D3 (25[OH]D3). Albumin-corrected calcium was calculated using a modified formula: total serum calcium (mmol/l) + [40-albumin (g/l)] × 0.018 (18). BTMs were measured using fasting morning blood samples collected after hospital admission to minimize the influence of diet and physical activity on the results.



2.4 WMH evaluation

WMH were evaluated using brain MRI performed on 3.0T (Philips Healthcare, Best, The Netherlands) or 1.5T scanners (GE Healthcare, Milwaukee, WI, United States), including at least four sequences: T1-weighted imaging, T2-weighted imaging, fluid-attenuated inversion recovery (FLAIR) and diffusion-weighted imaging (DWI). The FLAIR sequence was primarily used for the semi-quantitative assessment of WMH. The burden of WMH was assessed using the age-related white matter changes (ARWMC) scale and the Fazekas scale, with the latter separately evaluating periventricular WMH (PWMH) and deep WMH (DWMH). Participants were categorized into two groups based on WMH severity evaluated by different classification separately: the mild group (ARWMC score ≤10, PWMH Fazekas score 0–1, DWMH Fazekas score 0–1) and the severe group (ARWMC score >10, PWMH Fazekas score 2–3, DWMH Fazekas score 2–3). The WMH scoring was independently performed by two raters (Qian You and Ying Li), and discrepancies were resolved by consultation with a third expert (Hongtao Hu). The raters were blinded to clinical and laboratory information.



2.5 Data analysis

Data analysis was performed using R 4.3.0. Descriptive statistics were used to summarize baseline characteristics: categorical variables were presented as percentages, and continuous variables were expressed as mean ± standard deviation (for normally distributed data) or median and interquartile range (for non-normally distributed data). Univariate analysis was conducted to compare variables between groups. Independent sample t-tests were used for continuous variables with a normal distribution, while the Mann–Whitney U test for non-normally distributed continuous variables. Chi-square tests were used for categorical variables. Based on the results of univariate analysis, variables with potential associations (p < 0.1) were included in binary logistic regression models. Subsequently, adjustments were made for potential confounders, including age, sex, BMI, hypertension, DM, history of stroke, serum creatinine, corrected calcium levels and phosphate levels. Finally, subgroup analyses were performed based on sex, hypertension and diabetes status. Forest plots were generated, and interaction p-values were calculated to assess whether significant interactions existed between different subgroups. Two-tailed p-values < 0.05 were considered statistically significant.




3 Results

A total of 213 patients were included in the study (Figure 1), with a mean age of 69.9 ± 11.6 years. One hundred thirty-nine patients were classified as having mild WMH (ARWMC≤10), while 74 patients had severe WMH (ARWMC>10). Furthermore, 110 patients were classified into the mild PWMH group (Fazekas score 0–1), while 103 patients were in the severe PWMH group (Fazekas score 2–3). Similarly, 110 patients were classified into the mild DWMH group (Fazekas score 0–1), while 103 patients were in the severe DWMH group (Fazekas score 2–3) (Table 1).

[image: Flowchart detailing the patient selection process from June 2021 to May 2022 at Beijing Jishuitan Hospital. Initially, 1124 inpatients were considered. Of these, 906 without magnetic resonance imaging or bone turnover biomarkers were excluded. The remaining 218 had the necessary data, but further exclusions were made: two patients with recent fractures, two with a history of parathyroid dysfunction, and one with difficult-to-evaluate white matter hyperintensities. Ultimately, 213 patients were included in the analysis.]

FIGURE 1
 Flowchart of patient inclusion. A presentation of the selection process for the final study population based on the inclusion and exclusion criteria.



TABLE 1 Baseline characteristics of patients.


	Characteristic
	Total (n = 213)
	ARWMCa
	PWMHb
	DWMHc



	Mild (n = 139)
	Severe (n = 74)
	p-value
	Mild (n = 110)
	Severe (n = 103)
	p-value
	Mild (n = 110)
	Severe (n = 103)
	p-value

 

 	Age, years, Mean ± SD 	69.9 ± 11.6 	67.9 ± 12.0 	73.6 ± 9.7 	<0.001 	65.9 ± 12.2 	74.1 ± 9.1 	<0.001 	67.5 ± 12.6 	72.4 ± 9.8 	0.002


 	Female, n (%) 	97 (45.5) 	63 (45.3) 	34 (45.9) 	0.931 	53 (48.2) 	44 (42.7) 	0.424 	50 (45.5) 	47 (45.6) 	0.979


 	Hypertension, n (%) 	161 (75.6) 	100 (71.9) 	61 (82.4) 	0.09 	76 (69.1) 	85 (82.5) 	0.023 	75 (68.2) 	86 (83.5) 	0.009


 	DM, n (%) 	90 (42.3) 	56 (40.3) 	34 (45.9) 	0.426 	40 (36.4) 	50 (48.5) 	0.072 	45 (40.9) 	45 (43.7) 	0.681


 	Cerebral infarction, n (%) 	60 (28.2) 	32 (23) 	28 (37.8) 	0.022 	22 (20) 	38 (36.9) 	0.006 	23 (20.9) 	37 (35.9) 	0.015


 	Smoking, n (%) 	85 (39.9) 	53 (38.1) 	32 (43.2) 	0.468 	43 (39.1) 	42 (40.8) 	0.802 	44 (40) 	41 (39.8) 	0.977


 	Obesity, n (%) 	32 (15.6) 	21 (15.4) 	11 (15.9) 	0.926 	16 (14.7) 	16 (16.7) 	0.696 	19 (17.8) 	13 (13.3) 	0.376


 	LDL, mmol/l, Mean ± SD 	2.50 ± 0.81 	2.57 ± 0.78 	2.36 ± 0.85 	0.077 	2.52 ± 0.73 	2.48 ± 0.89 	0.759 	2.56 ± 0.75 	2.43 ± 0.87 	0.252


 	HCY, μmol/l, Mean ± SD 	18.55 ± 20.69 	17.84 ± 23.05 	19.88 ± 15.38 	0.499 	18.69 ± 25.86 	18.40 ± 13.20 	0.919 	18.55 ± 25.56 	18.55 ± 13.65 	1.000


 	Scr, μmol/l, Mean ± SD 	68.26 ± 18.39 	66.28 ± 17.11 	71.91 ± 20.18 	0.034 	66.20 ± 16.16 	70.41 ± 20.33 	0.097 	66.83 ± 17.67 	69.75 ± 19.09 	0.251


 	Ca (adjusted), mmol/l, Mean ± SD 	2.26 ± 0.09 	2.27 ± 0.09 	2.25 ± 0.09 	0.060 	2.27 ± 0.09 	2.26 ± 0.09 	0.389 	2.27 ± 0.09 	2.26 ± 0.09 	0.498


 	SP, mmol/l, Mean ± SD 	1.04 ± 0.23 	1.06 ± 0.24 	1.00 ± 0.22 	0.081 	1.07 ± 0.25 	1.02 ± 0.21 	0.146 	1.07 ± 0.25 	1.02 ± 0.21 	0.123


 	tP1NP, ng/ml, Mean ± SD 	51.70 ± 24.51 	50.99 ± 26.52 	53.04 ± 20.32 	0.562 	51.56 ± 28.38 	51.85 ± 19.70 	0.932 	51.13 ± 28.06 	52.31 ± 20.18 	0.725


 	β-CTX, ng/ml, Mean ± SD 	0.61 ± 0.31 	0.56 ± 0.30 	0.70 ± 0.32 	0.002 	0.55 ± 0.29 	0.67 ± 0.32 	0.008 	0.56 ± 0.32 	0.65 ± 0.30 	0.034


 	OC, ng/ml, Mean ± SD 	16.11 ± 8.11 	15.74 ± 8.58 	16.80 ± 7.15 	0.366 	15.91 ± 8.88 	16.32 ± 7.24 	0.716 	15.56 ± 8.96 	16.70 ± 7.10 	0.305


 	PTH, pg./ml, Mean ± SD 	44.69 ± 18.14 	41.68 ± 18.18 	50.34 ± 16.75 	<0.001 	41.74 ± 17.19 	47.84 ± 18.67 	0.014 	40.40 ± 17.28 	49.28 ± 17.99 	<0.001


 	25(OH)VD3, ng/ml, Mean ± SD 	16.29 ± 7.59 	17.06 ± 7.92 	14.83 ± 6.75 	0.041 	17.53 ± 7.78 	14.97 ± 7.19 	0.014 	16.74 ± 8.08 	15.81 ± 7.04 	0.374





aMild WMH were defined as ARWMC ≤ 10, while severe WMH were defined as ARWMC >10.

bMild PWMH were defined as Fazekas scale 0–1, while severe PWMH were defined as Fazekas scale 2–3.

cMild DWMH were defined as Fazekas scale 0–1, while severe DWMH were defined as Fazekas scale 2–3.

ARWMC, age-related white matter changes; PWMH, periventricular white matter hyperintensities; DWMH, deep white matter hyperintensities; DM, diabetes mellitus; LDL, low-density lipoprotein; HCY, homocysteine; Scr, serum creatinine; Ca, calcium; SP, serum phosphorus; tP1NP, total procollagen type 1N-terminal propeptide; β-CTX, β-carboxy-terminal cross-linked telopeptide of type 1 collagen; OC, N-terminal osteocalcin; PTH, parathyroid hormone; 25 (OH)D3, 25-hydroxyvitamin D3; SD, standard deviation.
 

It was shown that β-CTX and PTH levels were significantly higher in patients with severe WMH compared to those with mild WMH (p = 0.002 and p < 0.001, respectively); they were also higher in the severe PWMH group (p = 0.008 and p = 0.014, respectively) and in the severe DWMH group (p = 0.034 and p < 0.001, respectively). Additionally, it was worth noting that 25 (OH)VD3 levels were lower in the severe WMH and severe PWMH groups (p = 0.041 and p = 0.014, respectively), whereas no significant differences in 25 (OH)VD3 levels were observed between the mild and severe DWMH groups (p ≥ 0.05). No significant differences were found in tP1NP and OC levels among the different WMH severity groups (p ≥ 0.05) (Table 1).

Then, tP1NP, β-CTX, OC and PTH levels were included in the logistic regression model. In unadjusted models, compared with the mild groups, higher β-CTX was associated with severe WMH (OR: 4.23, 95% CI: 1.66–10.76; p = 0.003), severe PWMH (OR: 3.40, 95% CI: 1.36–8.53; p = 0.009), and severe DWMH (OR: 2.62, 95% CI: 1.06–6.43; p = 0.036). Higher PTH showed similar associations: severe WMH (OR: 1.03, 95% CI: 1.01–1.04; p = 0.002), severe PWMH (OR: 1.02, 95% CI: 1.00–1.04; p = 0.016), and severe DWMH (OR: 1.03, 95% CI: 1.01–1.05; p < 0.001). No significant differences were observed in tP1NP and OC levels between the two groups (all p-values ≥0.05). After adjusting for confounding factors, elevated β-CTX levels remained significantly associated with severe WMH (OR: 4.44, 95% CI: 1.33–14.81; p = 0.015) and severe PWMH (OR: 6.37, 95% CI: 1.80–22.47; p = 0.004), while increased PTH levels were significantly associated with severe DWMH (OR: 1.02, 95% CI: 1.01–1.05; p = 0.015) (Table 2).


TABLE 2 Relationship between bone turnover markers and white matter hyperintensities based on different classification.


	
	Unadjusted model
	Model 1
	Model 2
	Model 3



	OR (95% CI)
	p-value
	OR (95% CI)
	p-value
	OR (95% CI)
	p-value
	OR (95% CI)
	p-value

 

 	ARWMCa


 	tP1NP 	1.00 (0.99 ~ 1.01) 	0.561 	/ 	/ 	/ 	/ 	/ 	/


 	β-CTX 	4.23 (1.66 ~ 10.76) 	0.003 	3.69 (1.23 ~ 11.12) 	0.020 	4.25 (1.33 ~ 13.60) 	0.015 	4.44 (1.33 ~ 14.81) 	0.015


 	OC 	1.02 (0.98 ~ 1.05) 	0.368 	/ 	/ 	/ 	/ 	/ 	/


 	PTH 	1.03 (1.01 ~ 1.04) 	0.002 	1.02 (1.00 ~ 1.03) 	0.095 	1.02 (1.00 ~ 1.04) 	0.073 	1.01 (0.99 ~ 1.03) 	0.152


 	PWMHb


 	tP1NP 	1.00 (0.99 ~ 1.01) 	0.932 	/ 	/ 	/ 	/ 	/ 	/


 	β-CTX 	3.40 (1.36 ~ 8.53) 	0.009 	5.02 (1.57 ~ 16.07) 	0.007 	6.47 (1.87 ~ 22.41) 	0.003 	6.37 (1.80 ~ 22.47) 	0.004


 	OC 	1.01 (0.97 ~ 1.04) 	0.715 	/ 	/ 	/ 	/ 	/ 	/


 	PTH 	1.02 (1.00 ~ 1.04) 	0.016 	1.01 (0.99 ~ 1.03) 	0.525 	1.01 (0.99 ~ 1.03) 	0.352 	1.01 (0.99 ~ 1.03) 	0.488


 	DWMHc


 	tP1NP 	1.00 (0.99 ~ 1.01) 	0.724 	/ 	/ 	/ 	/ 	/ 	/


 	β-CTX 	2.62 (1.06 ~ 6.43) 	0.036 	1.70 (0.60 ~ 4.84) 	0.320 	1.79 (0.59 ~ 5.40) 	0.304 	1.58 (0.51 ~ 4.89) 	0.430


 	OC 	1.02 (0.98 ~ 1.05) 	0.307 	/ 	/ 	/ 	/ 	/ 	/


 	PTH 	1.03 (1.01 ~ 1.05) 	<0.001 	1.03 (1.01 ~ 1.04) 	0.009 	1.03 (1.01 ~ 1.05) 	0.009 	1.02 (1.01 ~ 1.05) 	0.015





a, b, cWith mild as references.

Model 1, adjusted for age, sex, and bone mass index.

Model 2, adjusted for Model 1 + hypertension, diabetes, and cerebral infarction.

Model 3, adjusted for Model 2 + serum creatinine, adjusted calcium, and serum phosphorus.

OR, odds ratio; CI, confidence interval; ARWMC, age-related white matter changes; PWMH, periventricular white matter hyperintensities; DWMH, deep white matter hyperintensities; tP1NP, total procollagen type 1N-terminal propeptide; β-CTX, β-carboxy-terminal cross-linked telopeptide of type 1 collagen; OC, N-terminal osteocalcin; PTH, parathyroid hormone.
 

Subgroup analysis was performed finally. Interaction analysis showed that no significant interaction was found between β-CTX and sex, hypertension or DM status (all p-values for interaction ≥ 0.05), suggesting that the relationship may be generally consistent across populations. In contrast, in individuals without hypertension, PTH levels were significantly associated with the severity of WMH (p < 0.05), while the association between PTH and PWMH as well as DWMH severity did not differ significantly in the hypertension subgroup (p ≥ 0.05). Additionally, in patients with DM, PTH levels were significantly associated with the severity of WMH, PWMH and DWMH (p < 0.05), and the associations between PTH and both WMH and PWMH severity differed significantly between diabetic and non-diabetic subgroups (the interaction p-values were 0.016 and 0.02, respectively) (Figure 2).

[image: Forest plot showing odds ratios (OR) with 95% confidence intervals (CI) for β-CTX and PTH across different subgroups: ARWMC, PWMH, and DWMH. Subgroups analyzed include sex, hypertension, and diabetes status. Significant interactions (p<0.05) are highlighted. For β-CTX, ARWMC shows notable OR for males, while DWMH shows less variation. For PTH, significant ORs are seen in hypertensive and diabetic subgroups of ARWMC, and diabetic subgroup of PWMH and DWMH.]

FIGURE 2
 Subgroup analysis and corresponding forest plot of the association between β-CTX and PTH with WMH of varying severity. Subgroup analyses were conducted based on sex, hypertension, and diabetes to examine the association between β-CTX and PTH with different severity of WMH across various subgroups and to explore potential interaction effects. To improve clarity in the presentation, β-CTX levels were multiplied by 10, and PTH levels were divided by 10. This adjustment does not affect the overall trend of the results or the statistical significance (p-values). ARWMC, age-related white matter changes; PWMH, periventricular white matter hyperintensities; DWMH, deep white matter hyperintensities; β-CTX, β-carboxy-terminal cross-linked telopeptide of type 1 collagen; PTH, parathyroid hormone; OR, odds ratio; CI, confidence interval.




4 Discussion

This study is a single-center retrospective study primarily focusing on the correlation between different types of BTMs and PTH with the severity of WMH as assessed by the ARWMC scale and Fazekas score. We found that β-CTX levels were independently and positively associated with the severity of WMH and PWMH, while PTH levels were independently and positively associated with the severity of DWMH.

β-CTX is a degradation product of type 1 collagen formed through matrix metalloproteinases. As a marker of bone resorption, β-CTX is released into the bloodstream during osteoclastic degradation of the bone matrix. Elevated β-CTX levels are frequently observed in osteoporosis. In this study, we found that higher β-CTX levels were independently associated with severe WMH and PWMH. Moreover, although the correlation between β-CTX levels and the severity of DWMH was no longer significant after adjusting for confounding factors, the univariate analysis results still suggested a potential trend of association.

Previous studies have demonstrated that patients with reduced BMD were at significantly higher risk of developing cardiovascular and cerebrovascular diseases, independent of traditional vascular risk factors such as age, hypertension, diabetes and smoking (9). Higher levels of CTX have been found in patients with thickening of the carotid intima-media, and these levels are positively related with brachial-ankle pulse wave velocity (11), which are supportive of our results. Several mechanisms may explain the link. First, β-CTX is a circulating fragment released during type 1 collagen breakdown. An elevated β-CTX level therefore signals accelerated degradation of type 1 collagen, a major extracellular-matrix (ECM) component of vessel walls and basement membrane (19). Cerebral small arteriolar remodeling is a hallmark pathological feature of arteriosclerotic CSVD, characterized by lumen narrowing and abnormal ECM accumulation in the vascular wall (20). Deposition of type 1 collagen around cerebral micro-vessels contributes to ECM thickening and fibrosis, leading to reduced vascular elasticity and increased stiffness, as well as disruption of the blood–brain barrier (21, 22). The elevation of β-CTX levels in CSVD may thus also be related to ECM metabolic disturbances in vascular walls. Second, altered mineral metabolism and the cross talk between bone and cardiovascular system play an important role in atherosclerosis or vascular calcification (23). Osteoporosis and vascular calcification may arise through two routes. In the active route, vascular cells switch to an osteoblast-like state, secrete ECM, and mineralize it. In the passive route, excess calcium and phosphate precipitate in damaged vessel walls, where macrophages fail to clear the deposits (24). Both processes may occur together, so higher bone resorption and mineral-balance disorders are linked to vascular calcification. In this study, serum calcium and phosphate levels did not show significant differences among groups with varying severity of WMH, but this could not completely rule out the potential pathophysiological role. The last but not the least, studies show that pro-inflammatory molecules such as interleukin-1, interleukin-6, and tumor necrosis factor-α both stimulate osteoclast activity, which could raise β-CTX levels, and promote atherosclerosis by triggering endothelial dysfunction and plaque inflammation (25, 26). The receptor activator of nuclear factor-κB/receptor activator of nuclear factor-κB ligand/osteoprotegerin (RANK/RANKL/OPG) system, part of the tumor necrosis factor superfamily, regulates osteoclast activity and is expressed in vascular endothelial and inflammatory cells. Up-regulation of RANKL not only increase bone resorption but also raises matrix metalloproteinases activity in vascular smooth muscle cells (VSMCs), accelerating matrix degradation and remodeling of the vessel wall (25). These findings imply that bone and cerebrovascular disease may share inflammatory pathways, though this still needs confirmation.

PTH is a key hormone regulating bone metabolism. Our study found that PTH levels were independently related with the severity of DWMH. PTH levels also showed a trend to be correlated with the severity of WMH and PWMH, though this association did not remain significant after adjusting for confounding factors. Previous clinical studies on the role of PTH on cerebrovascular diseases have shown mixed results. A study from the Uppsala Longitudinal Study of Adult Men (ULSAM) found a significant link between PTH levels and vascular dementia (14), though the sample size was small. Another analysis from the Prospective Investigation of the Vasculature in Uppsala Seniors (PIVUS) showed a significant correlation between PTH levels and WMH severity (14). A study from the Atherosclerosis Risk in Communities (ARIC) cohort found that higher PTH levels were linked to more severe WMH, but this association disappeared after adjustment for traditional risk factors such as hypertension and diabetes (27). As noted above, increased PTH is related to elevated blood pressure, and parathyroidectomy has been reported to improve both blood pressure and glycemic control (28). These observations raise the possibility that hypertension, and perhaps hyperglycemia, mediates any contribution of PTH to CSVD. In addition, in individuals with primary hyperparathyroidism, the mean carotid intima-media thickness is significantly increased, and higher PTH levels are associated with worse carotid stiffness, reduced carotid strain and decreased distensibility (29). These studies all suggest a probable correlation between PTH and CSVD.

There were several potential mechanisms. First, Chronic PTH excess drives endothelial cells to generate excess mitochondrial reactive oxygen species, causing endothelium-dependent vasodilatory dysfunction and abnormal vascular remodeling, which promote the development of CSVD (30). Second, PTH may activate several signaling pathways to stimulate the renin–angiotensin system by binding to PTH/PTH-related peptide (PTHrP) receptors, thus triggering renin release and aldosterone secretion, resulting in rise of blood pressure and volume load (31). Third, because PTH is a key regulator of calcium–phosphate balance, a sustained rise in its level can disrupt mineral homeostasis, promote vascular calcification, and stiffen arteries (24). PTH has been shown to increase collagen synthesis and remodeling in VSMCs (29, 32), potentially mediating vascular stiffening and reduced elasticity, thereby aggravating CSVD. Therefore, it is speculated that PTH may contribute to the occurrence and progression of WMH by impairing endothelial function, raising blood pressure, disturbing calcium-phosphate balance, and promoting vascular remodeling.

In addition, in our study, subgroup analysis revealed that PTH levels were significantly associated with the severity of WMH in individuals with DM. This association was not observed in non-diabetic individuals. Chronic hyperglycemia can promote WMH by generating oxidative stress, impairing endothelium-dependent relaxation, disrupting endothelial tight junctions, triggering inflammation, and accelerating atherosclerotic vascular remodeling (33, 34). We hypothesize that on this “more vulnerable” white-matter background, the additional vascular stress caused by excess PTH may be easier to detect as a higher WMH burden. Diabetic kidney disease compounds the problem: even in early stages (chronic kidney disease 2–4), mineral-balance disturbances appear (35), which might magnify the PTH–WMH link. Notably, PTH itself has been reported to be associated with incident diabetes, although the mechanism remains unclear (36). This finding suggests that future research should further explore the role of PTH in WMH among patients with DM, and consider whether modulating PTH levels could serve as a potential intervention for diabetes-related WMH.

This study has several limitations. First, as a retrospective study, it lacked explicit documentation in medical records about whether patients had a history of osteoporosis, and BMD was not measured. As a result, the analysis focused solely on the relationship between BTMs and WMH, without investigating a direct link between osteoporosis and WMH. Second, the sample size was small. While the findings indicate a potential association between CTX, PTH and the severity of WMH, causality cannot be established. Further validation through larger-scale studies is still needed. Finally, because the archived scans did not record magnet strength, we could not adjust for MRI field strength (1.5T or 3.0T) or perform subgroup analyses, which may have influenced the WMH scores.

As the prevalence of CSVD continues to rise and effective treatments remain limited, this study offers early evidence of a possible connection between bone metabolism and vascular health. The findings suggest that β-CTX and PTH may have biological relevance to CSVD. In practice, β-CTX is usually tracked in patients with osteoporosis. If the marker rises sharply, especially in older or hypertensive patients, or in those developing cognitive or gait problems, a brain MRI could be considered to identify potential CSVD. Likewise, patients with primary or secondary hyperparathyroidism might benefit from CSVD screening, guiding more proactive management. The reverse also applies. In patients with a heavy WMH burden, checking parathyroid function may be sensible, and those at high risk of falls, which is a common issue in CSVD, could be screened for osteoporosis. While these suggestions are hypothesis-generating, larger studies are needed to clarify both the associations and any causal links. Besides, this work is an exploratory correlation study; large-scale cohorts are needed to assess the value of β-CTX and PTH as potential biomarkers for CSVD, especially WMH. Notably, our subgroup analysis showed a stronger PTH–WMH link in patients with diabetes than in those without, suggesting that future studies could examine this relationship in larger diabetic samples. Mechanistic research is also required to clarify how β-CTX and PTH drive disease processes and to explore their potential as therapeutic targets.



5 Conclusion

Independent associations were observed between β-CTX and WMH/PWMH severity and between PTH and DWMH severity. This study provides early evidence linking osteo-metabolic markers (β-CTX and PTH) with CSVD burden, suggesting a plausible bone–cerebrovascular axis. Prospective cohort and interventional studies are needed to evaluate their potential as biomarkers and therapeutic targets, and elucidate the underlying mechanisms.
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