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Abstract

ACKGROUND: Osteomalacia is a bone metabolic disease resulting from inadequate mineralization due to vitamin D
deficiency and disturbances in calcium and phosphate metabolism. To date, information on the combined assessment
of traditional markers of mineral metabolism and bone turnover biomarkers in patients with osteomalacia remains
scarce. Therefore, the present investigation was conducted to assess the diagnostic value of biochemical and bone turnover
markers for osteomalacia and to identify the potential gender-specific differences.
METHODS: This case—control study included 100 subjects with osteomalacia and 100 healthy controls. Blood samples were
collected, and serum levels of calcium, phosphate, and alkaline phosphatase (ALP) were measured using chemistry analyzer;
vitamin D were and parathyroid hormone (PTH) were measured using immunofluorescence; while procollagen type 1
N-propeptide (P1NP), C-terminal telopeptide (CTX) and sclerostin level were measured using enzyme linked immunosorbent
assay (ELISA). The diagnostic utility of the evaluated biomarkers was then subsequently assessed.
RESULTS: Serum calcium, phosphate, and vitamin D were significantly reduced, while ALP and PTH concentrations were
increased in osteomalacia subjects compared to control (p<0.001). Sclerostin concentrations were significantly higher in
osteomalacia subjects than controls (p<0.003), especially in females than in males (p=0.021). PINP levels were significantly
altered in osteomalacia subjects compared with controls (p<0.001). Biochemical profiles were comparable across genders,
except for sclerostin, which was significantly higher in females (p=0.021) and lower T-scores compared with males. BMI
increased significantly with age (p=0.024). ROC analysis showed strong discriminatory ability of evaluated biomarkers
within the study population.
CONCLUSION: Elevated sclerostin and PINP levels were associated with osteomalacia and may be useful biomarkers
reflecting impaired bone formation, improving diagnostic accuracy when used alongside conventional markers. Sclerostin
concentrations were considerably higher in female patients than in males, suggesting possible sex-related differences in bone
metabolism.
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resulting in osteoid buildup.(2) Globally, nutritional

Introduction osteomalacia mainly results from insufficient vitamin D

intake. Low vitamin D impairs the intestines' ability to

Osteomalacia is a common Oste metabolic disorder
among older adults.(1) It is typically caused by a vitamin
D deficiency, leading to inadequate mineralization of
the osteoid matrix in both cortical and trabecular bones,
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absorb calcium and phosphate, which can trigger secondary
hyperparathyroidism, increased bone turnover, phosphate
deficiency, and a gradual accumulation of unmineralized
osteoid tissue.(3) Clinically, these problems show up as
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constant bone pain, muscular weakness, skeletal deformities,
and insufficiency fractures, which are commonly mistaken
for osteoporosis or long-term rheumatologic illnesses. Prior
research has mostly focused on vitamin D insufficiency
and traditional biochemical measures; however, there is
little, and often conflicting, information about how these
indicators behave in osteomalacia. Specifically, it has been
difficult to determine how sex affects how they manifest. To
better understand their diagnostic and pathophysiological
implications in osteomalacia, more research is therefore
required.(4)

In biochemistry, osteomalacia is typically associated
with low blood levels of 25-hydroxyvitamin D, elevated
alkaline phosphatase, altered calcium and phosphate
levels, and high parathyroid hormone levels.(5) Because
comparable changes may also occur in other metabolic bone
disorders, such as osteoporosis, familial hypophosphatemic
syndromes, and chronic kidney disease—mineral and bone
disorder (CKD-MBD), thus determining the specific
diagnostic value of these biomarkers remains challenging.
(6) Osteomalacia can also happen when the kidneys are ill
or stop working. Getting rid of phosphorous from the blood
is a highly vital job for the kidneys. Phosphorus can build
up if the kidneys don't work appropriately. The kidneys also
convert vitamin D into calcitriol, the form that is active.
Calcitriol helps maintain calcium and phosphorus levels in
the blood. When the kidneys cease functioning, phosphorus
levels rise and active vitamin D levels fall. This causes the
body to produce more parathyroid hormone, leading to
hyperparathyroidism. High levels of parathyroid hormone
help keep blood phosphorus levels in balance by promoting
calcium release from bones. Bone calcium might be lost,
making them weak and brittle.(7)

The liver plays a role in vitamin D metabolism,
and its malfunction can lead to osteomalacia due to
abnormal calcium and phosphate balance and impaired
bone mineralisation.(8§—10) Bone remodelling is a process
in which bone growth and resorption are balanced. Some
bone turnover markers are procollagen type 1 N-propeptide
(PINP), which is a marker of osteoblastic bone production,
and sclerostin, which can inhibits the Wnt/B-catenin pathway
and bone formation. Interest in metabolic bone disorders
has been increasing, but the diagnostic value of these
bone turnover markers for osteomalacia remains poorly
understood. Most investigations have focused on vitamin
D deficiency and traditional biochemical markers, but little
is known about the impact of PINP and sclerostin. Further
studies are therefore needed to elucidate their clinical value
in diagnosing and assessing osteomalacia.(11,12)
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Despite the growing interest in metabolic bone
disorders, information on the combined assessment of
traditional markers of mineral metabolism and bone
turnover biomarkers in patients with osteomalacia is scarce.
Moreover, the correlations between these biomarkers and
demographic parameters such as age and sex are yet to be
well characterized. Therefore, the purpose of this study was
to evaluate the biochemical status of osteomalacia patients
by determining the serum concentrations of vitamin D,
calcium, phosphorus, parathyroid hormone (PTH), alkaline
phosphatase (ALP) and bone turnover markers, including
PINP, C-terminal
Furthermore, the study studied the impact of demographic

telopeptide (CTX) and sclerostin.

factors on these biomarkers and their potential usefulness in
indicating disease severity and bone remodelling status.

Methods

Subject Recruitment

The present investigation was a case-control observational
study conducted in the Clinical Biochemistry Laboratories of
Al-Fayhaa Teaching Hospital, Basra Teaching Hospital and
Ports General Hospital in Basra City, Iraq in collaboration
with the Rheumatology and Endocrinology Clinics. The
study took place between August 2025 and February 2026.
All patients were examined and diagnosed by specialized
physicians according to clinical symptoms, biochemical
abnormalities and radiological findings when available. The
clinical examination was based on symptoms suggesting
osteomalacia (bone pain and muscular weakness) and
biochemical criteria included abnormalities in vitamin D,
calcium, phosphate, ALP, and PTH levels. Radiological
examination was performed on participants with clinical
symptoms suggestive of osteomalacia, which included
chronic bone pain, muscle weakness, skeletal discomfort,
trouble walking or a history of fragility fractures. Standard
ordered by the
physician as part of the standard clinical evaluation to

radiographic imaging was treating
uncover distinctive skeletal abnormalities associated with
osteomalacia. Radiological results were evaluated and
recorded for diagnostic confirmation and for association
with biochemical indicators.

The inclusion criteria for participants were as follows:
The osteomalacia group included individuals who had a
diagnosis of osteomalacia based on the accepted clinical and
biochemical criteria, with the control group being healthy
volunteers who were matched based on their age and sex
and were not affected by metabolic bone disorders. Subjects
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were excluded if they have chronic liver disease (elevated
liver function tests above the upper normal reference range),
chronic kidney disease (estimated glomerular filtration rate
<60 mL/min/1.73 m?), malignancy, chronic inflammatory
disorders, pregnancy or lactation, recent major trauma,
surgery or fracture and current use of medications known
to influence bone metabolism (e.g., glucocorticoids,
anticonvulsants or anti-osteoporotic drugs). The existence
of these disorders was confirmed by medical history, clinical
examination and, when appropriate, relevant laboratory
testing. Healthy controls were recruited from hospital staff,
patient attendants, and community volunteers, matched
to the patient group by age and sex to the greatest extent
possible. Total 200 individuals (100 osteomalacia subjects
and 100 healthy controls) aged 14 to 70 were finally
recruited in this study, with both groups included 50 females
and 50 males.

Blood Samples Collection

From each subject, 5 mL of venous blood was collected from
the antecubital vein using disposable sterile syringes. The
blood was drawn into yellow gel separator tubes containing
a clot activator and then left at room temperature until clot
formation was complete.

Data Collection

Data were collected through a closed questionnaire that
included 15 questions about concepts such as name, age,
symptoms of bone turnover disease (e.g., difficulty walking,
numbness), other chronic diseases, thyroid disease, any
bone scans or bone biopsies, medication use, place of
residence, digestive disorders, height, weight, and smoking.
Body mass index (BMI) was calculated by dividing weight
(kg) by height (m?).(13)

PINP, CTX and Sclerostin Measurement Using Enzyme
Linked Immunosorbent Assay (ELISA)

Serum levels of PINP, CTX and sclerostin were
determined using commercially available enzyme-linked
immunosorbent assay kits, as follow: Human Procollagen
Type 1 N-Terminal Propeptide ELISA Kit (Cat. No.
E1350Hu; BT LAB, Shanghai, China) with range of 2.5—
160 ng/mL and sensitivity of 1.15 ng/mL; Human Cross-
linked C-telopeptide of Type 1 Collagen ELISA Kit, (Cat.
No. E1349Hu; BT LAB) with range of 7-1500 ng/mL and
sensitivity of 4.21 ng/mL; Human Sclerostin ELISA Kit
(Cat. No. E3068Hu, BT LAB) range: 0.5-200ng/mL and
sensitivity: 0.26ng/mL. The measurement was performed as
per the manufacturer’s instructions. Briefly, the assays were
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based on antigen—antibody binding, in which target analytes
are captured by specific antibodies coated on microplates
and detected with enzyme-conjugated secondary antibodies
and a colorimetric substrate. The intensity of the colour
created was proportional to the analyte concentration and is
quantified spectrophotometrically.

Calcium, Phosphate, ALP, Vitamin D, and PTH
Measurement

The clotted blood samples in yellow tubes were centrifuged
at 3000 rpm for 10 minutes to obtain clear serum. The
separated serum was carefully aspirated into labeled
Eppendorf tubes, aliquoted for hormonal and biochemical
assays, and stored at —80°C until analysis, as recommended
in the study proposal, to avoid repeated freeze—thaw
cycles. Biochemical parameters including calcium,
phosphate, ALP were measured by using manual chemistry
analyzer. Meanwhile 25 hydroxyvitamin D and PTH level
were measured by using immunofluorescence analyzer

(Microprofit Biotech, Shenzhen, China).

Statistical Analysis

The Statistical Package for the Social Sciences (SPSS)
version 27.0 (IBM Corporation, Armonk, NY, USA), was
used to perform statistical analyses. Categorical variables
were displayed as frequencies and percentages, whereas
continuous variables were represented as meantstandard
deviation (SD). Comparisons of continuous variables across
the three study groups were performed using One-Way
Analysis of Variance (ANOVA), and independent-samples
t-tests were used to compare two independent groups.
The Chi-square test was used to analyze categorical data.
Relationships among biochemical markers were evaluated
using the Pearson correlation coefficient. Additionally,
Receiver Operating Characteristic (ROC) curve analysis
was performed to assess the diagnostic accuracy of the
parameters. A p-value<0.05 was considered statistically
significant.

Results

Biochemical Variables Estimation

The demographic characteristics of all subjects (100 patients
and 100 healthy controls) were shown in Table 1. The
present investigation showed that osteomalacia patients had
significantly lower serum calcium, phosphate and vitamin D
levels with significantly higher ALP, PINP, CTX, sclerostin
and PTH levels as compared to healthy controls.
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Table 1. Demographic and biochemical characteristics of
osteomalacia and control subjects.

Variables Osteomalacia Controls el
(n=100) (n=100)

BMI (kg/n?) 24.79+2.58 24.7242.15 0.862
Ages (years) 45.51x14.71 45.73+10.92 0.915
Gender %, n (%)

Male 36 (48.0%) 35 (46.7%)

Female 39 (52.0%) 40 (53.3%)
T-score -1.8240.46 -0.02+0.33 <0.001*
Calcium (mg/dL) 7.86+0.39 9.62+0.31 <0.001*
Phosphate (mg/dL) 1.94+0.30 3.93+0.25 <0.001*
ALP (U/L) 182.61+24.45 63.37+7.22 <0.001*
Vitamin D (ng/mL) 8.77x1.31 38.83+4.32 <0.001*
PTH (pg/mL) 160.97+30.08 35.56+6.55 <0.001*
PINP (ng/mL) 178.61+46.29 43.37+13.73 0.008*
CTX (ng/mL) 1.73£0.20 0.31+0.12 0.021*
Sclerostin (ng/mL) 1.52+0.17 0.3740.12 <0.005*

Values are expressed as mean+SD. Continuous variables were
compared between patients and controls with an independent
samples t-test and gender distribution was compared using a Chi-
square test. Statistical significance was set at p<0.05.

Gender-Specific Differences in T-score, PINP, CTX,
Sclerostin and Vitamin D Levels

There was a modest sex-related variations among
individuals with osteomalacia for most biochemical

markers (Table 2). Significant differences were identified

Print ISSN: 2085-3297, Online ISSN: 2355-9179

in T-score, PINP, CTX, sclerostin and vitamin D between
males and females (p>0.05). This finding suggested that
the metabolic abnormalities associated with osteomalacia
were mainly related to disease status rather than sex
differences. Meanwhile, in the control group, there were no
statistically significant differences between the sexes across
all assessed parameters (p>0.05). These data demonstrate
similar demographic and biochemical characteristics of
male and female controls. This supports the view that the
control group was homogeneous and can be compared with
osteomalacia cases.

Age-Specific Differences in PINP and Vitamin D Levels
in the BMI of
osteomalacia patients with advancing age (Table 3). The

There was a significant increase
highest values were observed in people aged 50 and older
(25.50+£1.90 kg/m?), whereas younger groups had lower
values (p=0.024). This finding could be because older
people are less active, their metabolisms slow with age,
and they have more fat mass, since all of these parameters
were known to impair vitamin D bioavailability and bone
health. PINP and vitamin D showed a significant difference
between the ages; on the other hand, serum calcium,
phosphorus, ALP, vitamin D, PTH, sclerostin, and CTX did
not shown to be statistically significant differences across
age groups (p>0.05). For all indicators in the controls, there
was no statistically significant difference in age (p>0.05),
which means that people in the controls were about the
same age.

Table 2. Comparison of mean values of the studied biomarkers by sex in the osteomalacia patient group.
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Osteomalacia Controls
Variables Male Female Male Female
(n=50) (n=50) p-value (n=50) (n=50) p-value
BMI (kg/m?) 25.20+2.57 24.41+£2.57 0.192 25.46+1.90 24.14£2.16 0.834
Ages (years) 42.78+15.29 48.03+13.87 0.125 47.52+10.68 44.24+11.02 0.299
T-score -1.38+0.18 -2.23+0.16 <0.001* -0.029+0.324 -0.012+0.346 0.820
Calcium (mg/dL) 7.76+0.42 7.96+0.34 0.023* 9.614+0.297 9.626+0.317 0.536
Phosphate (mg/dL) 1.93+0.29 1.95£0.30 0.757 3.964£0214  3.907+0.278 0.841
ALP (U/L) 185.69+24.31 179.77+24.54 0.297 63.5+6.94 63.26+7.51 0.072
Vitamin D (ng/mL) 8.58+1.24 8.01+1.37 0.008* 38.61+3.68 39.01+4.82 0.147
PTH (pg/mL) 155.924+29.21 166.44+30.45 0.132 36.41+5.93 34.85+7.00 0.207
PINP (ng/mL) 145.214£32.55 209.45+34.14 0.010* 43.47+14.05 43.28+13.62 0.570
CTX (ng/mL) 1.55+0.04 1.91+0.12 0.032* 0.313+0.119 0.301+0.115 0.740
Sclerostin (ng/mL) 1.69+0.04 1.36+0.03 0.021* 0.366+0.125 0.370+0.121 0.361

Values are expressed as mean+SD. Continuous variables were compared between patients and controls with an
independent samples t-test and gender distribution was compared using a Chi-square test. Statistical significance was

set at p<0.05.
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Table 3. Analysis of all biomarkers in patients according to the age of osteomalacia patients.

Osteomalacia Controls
VLSS <25 Year 25-50 Year >50 Year <25 Year 25-50 Year >50 Year
(n=20) (n=40) (n=40) p-value (n=20) (n=40) (n=40) p-value
BMI (kg/n?) 22.26+2.09 24.5642.78 25.78+1.84 0.002 21.93+0.37  24.6942.26  25.11+1.78 0.050
T-score -1.66+0.46 -1.82+0.44 -1.87+0.49 0.537 103334037 -0.006£034  -0.008+0.30 0.256
Calcium (mg/dL) 7.92+0.32 7.87+0.45 7.83+0.34 0.814 9.730.35 9.64+0.29 9.55+0.32 0.388
Phosphate (mg/dL) 1.95+0.15 1.8940.37 2.000.20 0.310 3.76:£0.37 3.9240.24 3.96:0.24 0.419
ALP (U/L) 183.50425.51  179.37424.66  186.62424.13  0.488 65.3346.02  62.89+747  64.08+6.98 0.722
Vitamin D (ng/mL) 9.07+1.37 8.74+1.26 7.85+0.98 0.063 40.0342.68 39.244.47 37.95+4.15 0.459
PTH (pg/mL) 156.76+32.64  161.95428.63  171.62427.56  0.452 31.66£0.57 35344654  36.2246.81 0.495
PINP (ng/mL) 188.86+31.56  180.65+43.06  131.85£76.95  0.007 33.56£11.62  43.19414.02  44.55+13.51 0418
CTX (ng/mL) 1.6120.13 1.7440.21 1.76+0.19 0.162 0360£0.12  0.299+0.11 0.312+0.11 0.644
Sclerostin (ng/mL) 1.50+0.17 1.510.17 1.58+0.16 0.564 0.382+40.14  0.37020.11 0.365+0.13 0.963

Values are expressed as mean+SD. Continuous variables were compared between patients and controls with an independent samples t-test
and gender distribution was compared using a Chi-square test. Statistical significance was set at p<0.05.

High Diagnostic Accuracy of Sclerostin and PINP

ROC analysis was used to determine the optimal specificity
and sensitivity for a diagnostic test. This was achieved by
using a figure that demonstrates the correlation between
specificity and sensitivity. The ROC curve research had
revealed the precise cut-off values for the blood biomarkers
that effectively differentiate between osteomalacia and
healthy conditions. Figure 1 displayed the curve and area
under the curve (AUC) analysis for the serum biomarker
values used to diagnose osteomalacia.

Logistic Regression Analysis for Osteomalacia Subjects
Logistic regression analysis was used to evaluate whether
the studied biomarkers (e.g., vitamin D, PTH, calcium)
were independent predictors of osteomalacia. It assesses the
effect of all variables simultaneously to determine which
factors significantly influence disease risk. In this study,

Logistic regression analysis showed that lower calcium,
phosphorus, ALP, and vitamin D levels were significantly
associated with osteomalacia, whereas higher PTH, PINP,
CTX, and sclerostin levels were associated with increased
disease risk (Table 4, Figure 2).

Correlation Study between Biochemical Variables

Pearson correlation analysis showed multiple biologically
relevant connections between mineral metabolism and bone
turnover indicators in patients with osteomalacia. Vitamin
D was strongly positively correlated with serum calcium
(r=0.79) and phosphate (r=0.63) and negatively correlated
with PTH (r=-0.85) and ALP (r=-0.77). Moreover, PTH was
substantially and positively associated with ALP (r=0.90) and
negatively associated with calcium (r=-0.86). These findings
were consistent with the abnormal mineral homeostasis and
compensatory secondary hyperparathyroidism typical of

Table 4. Identification of risk of incident osteomalacia by multivariable logistic regression.

Variables Re gr::;i”“ Std. Error  Wald  p-value  Odds Ratio 95::‘; eCrI 93;/;31
Calcium (mg/dL) 2.090 0.650 10.34 0.05 0.238 0.034 0.442
Phosphate (mg/dL) 2352 0.552 18.155 0.041 0.156 0.032 0.280
ALP (U/L) -0.046 0.011 17.489 0.05 0.955 0.936 0.973
Vitamin D (ng/mL) -0.166 0.036 21.262 0.011 0.849 0.788 0.908
PTH (pg/mL) 0.328 0.105 9.758 0.02 1.415 1.141 1.688
PINP (ng/mL) 1.008 0.402 6.287 0.006 3.626 1.251 6.001
CTX (ng/mL) 1.009 0.350 8.310 0.005 3.417 1382 5.451
Sclerostin (ng/mL) 0.651 0.213 9.341 0.03 1.902 1.263 2.652

Statistical analysis was performed using binary logistic regression. Wald y? test was used to assess the significance
of regression coefficients. Odds ratios (ORs) are presented with 95% confidence intervals (95% CI).
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Vitamin D (AUC=0.949)

— Calcium (AUC=0.902)

— Phosphate (AUC=0.894)
ALP (AUC=0.854)

PTH (AUC=0.871)

—— PINP (AUC=0.726)
CTX (AUC=0.801)
Sclerostin (AUC=0.885)
Reference line

Figure 1. ROC curves for osteomalacia diagnosis.
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osteomalacia. Figure 3 displayed the correlation heatmap
of the osteomalacia subjects to see the most biologically
feasible and therapeutically meaningful correlations.

Discussion

The results of current study are consistent with the typical
biochemical profile of osteomalacia and suggest alterations
in mineral metabolism and bone remodeling, including

OR =1 (No effect)
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Figure 2. Logistic regression odds ratios (95% CI) for
osteomalacia.
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1.0

impaired bone mineralization.(14) Elevated ALP and
PTH values may indicate increased osteoblastic activity
and secondary hyperparathyroidism due to vitamin D
insufficiency. Comparable biochemical changes have been
previously described in nutritional osteomalacia, with
decreased levels of vitamin D, calcium, and phosphate, and
increased levels of ALP and PTH.(15) One of the remarkable
findings of the present investigation was the significantly
higher serum sclerostin levels in osteomalacia patients in
comparison with controls. Sclerostin is a protein produced
by osteocytes and is involved in regulating bone growth and
bone metabolism. Previous studies have shown that altered
sclerostin levels are associated with poor bone metabolism
and reduced mineralization capacity.(16) Previous studies
have also reported associations between vitamin D
deficiency and elevated sclerostin levels, supporting the
present study's findings.(17) In addition, the levels of PINP
and CTX were considerably higher (»=0.008 and p=0.021,
respectively), which indicates that osteomalacia patients
have more bone turnover activity. High levels of these bone
turnover indicators may indicate alterations in the processes
of bone formation and resorption and are associated with
poor mineralization.(18)

The concomitant increase of both PINP as bone
formation marker and CTX as bone resorption marker in
this study is indicative of high bone turnover. This is often
driven by secondary hyperparathyroidism in the setting of
disturbed mineral metabolism, such as vitamin D deficiency
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Increased PTH
mediated production of Receptor activator of nuclear factor
kappa-B ligand (RANKL) and inhibits osteoprotegerin
(OPG), leading to increased osteoclast differentiation and

or osteomalacia. induces osteoblast-

bone resorption, indicated by increased CTX levels. Of note,
bone remodeling is a linked physiological process, such
that increased resorption is accompanied by compensatory
activation of osteoblasts, which is reflected in enhanced
bone formation markers such as PINP.(19)

In the sex effect, female patients had considerably
lower T-scores, calcium and vitamin D levels than male
patients, which indicates a higher impairment in bone
mineralization. Serum level of sclerostin was substantially
greater in females than in males (31.48+8.94 vs. 25.76+9.77
pg/mL, p=0.021). This finding may reveal differences
in bone metabolic control between males and females
and may reflect variations in osteocyte-related activity
associated with osteomalacia.(20) Significant difference
of PINP and CTX was observed between the two groups,
indicating approximately equal bone turnover activity of
male and female patients. Additionally, BMI, phosphorus,
ALP, and PTH showed no significant differences by sex,
suggesting similar alterations in mineral metabolism in both
groups. This probably because the metabolic abnormalities
associated with osteomalacia were mainly related to disease
status rather than sex differences.(21,22)

In the present investigation, serum sclerostin
levels were substantially higher in female patients than
in male patients. This observation may be related to the

age-associated hormonal changes and this is especially
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Figure 3. Correlation
heatmap for osteomalacia
subjects.
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so because the mean age of female patients was in the

perimenopausal phase. Previous investigations have
shown that estrogen may regulate sclerostin expression
and osteocyte function and then influence bone formation
and mineralization process.(23) Increased sclerostin levels
have been associated with reduced osteoblastic activity by
regulating the Wnt/B-catenin signaling pathway, which may
lead to reduced bone production. In osteomalacia, where
faulty mineralization is already present, increased sclerostin
levels may further suggest abnormalities in the regulation
of bone metabolism. Recently, it has also been reported
that hormonal changes occurring in menopause can affect
osteokine production and bone quality in women.(24) Thus,
the elevated sclerostin levels in female osteomalacia patients
may be due to the combined impact of hormonal influences
and metabolic bone abnormalities on bone remodeling
activities. These findings may help to understand the more
severe skeletal damage in female patients than in males.(25)
In conclusion, these results demonstrate that osteomalacia
has a similar effect on both sexes in most biochemical
parameters, but female patients with osteomalacia may have
a worse impairment of bone mineralization and skeletal
status than males.

The variation in age-related biomarkers indicated that
the metabolic characteristics of osteomalacia are highly
consistent once the disease develops. Overall, the primary
metabolic disorder of defective osteoid mineralization
caused by vitamin D deficiency seems to be the same
across age groups.(26) Sclerostin levels were higher in

older than in younger patients. This observation can also be
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attributed to age-related changes in bone metabolism and
osteocyte activity, as well as the metabolic consequences
of osteomalacia. Other studies also showed that sclerostin
levels may increase with age and be associated with
decreased bone formation and altered bone turnover.(27) In
this study, the BMI is higher in older people. This could
be because older people are less active, their metabolisms
slow with age, and they have more fat mass. And this
metabolic parameters are also known to impair vitamin D
bioavailability and bone health.(28)

The ROC curve study showed that most serum
biomarkers had good to outstanding diagnostic performance
for osteomalacia (Figure 1). Vitamin D demonstrated the
best diagnostic performance (AUC = 0.949, sensitivity =
82.7%, specificity = 100%, efficiency = 91.3%), indicating
strong discriminative ability between ill patients and healthy
controls. The findings imply a major role for vitamin D
insufficiency in metabolic bone diseases and in poor bone
mineralization. Similar findings were published previously
revealed that changes in vitamin D metabolism are closely
correlated with skeletal abnormalities and increased bone
fragility.(29)

Calcium also showed high diagnostic accuracy
(AUC = 0.934, sensitivity = 90.7%, specificity = 89.3%,
efficiency = 90.0%). Disruption of calcium homeostasis
contributes to poor skeletal integrity and has direct effects
on bone mineralisation. Calcium imbalance is one of the
key biochemical changes related to osteomalacia and
osteoporosis, as verified by previous investigations.(30)

Phosphate also showed good diagnostic value (AUC =
0.949, sensitivity = 82.7%, specificity = 100%, efficiency =
91.3%). Hypophosphatemia is thought to be a primary cause
of poor mineralisation, because phosphate is important
for hydroxyapatite production and bone matrix integrity.
Phosphate insufficiency has been linked to impaired normal
bone metabolism and a dramatically increased risk for
fracture.(31)

PTH showed excellent diagnostic performance (AUC
=0.861, sensitivity = 80.0%, specificity = 82.7%, efficiency
=81.3%). If PTH is high, it may indicate secondary
hyperparathyroidism due to vitamin D deficiency and
calcium imbalance. Increased PTH induces bone resorption
and increases skeletal turnover, contributing to disease
progression.(32)

ALP also had a good diagnostic accuracy (AUC =
0.836, sensitivity = 74.7%, specificity = 85.3%, efficiency
= 80.0%). Higher ALP activity indicates higher osteoblastic
activity and less mineralization. ALP has been proposed as a
sensitive biochemical diagnostic in metabolic bone disorders
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such as osteomalacia.(33) The bone turnover markers CTX
(AUC =0.801, sensitivity = 76.0%, specificity = 74.7%, and
efficiency = 75.3%) and PINP (AUC = 0.814, sensitivity =
77.3%, specificity = 76.0%, and efficiency = 76.7%) showed
intermediate diagnostic performance. These biomarkers
reflect bone resorption and bone formation, but their levels
are influenced by physiological parameters such as age,
gender, renal function, and circadian variation, which can
limit their discriminative accuracy when used individually.
(34) The sclerostin has a very strong diagnostic ability
(AUC = 0.889, sensitivity = 78.7%, specificity = 90.7%,
efficiency = 84.7%). Sclerostin is an essential regulator of
bone remodeling, acting to limit osteoblastic activity via the
Wnt signaling pathway. Increased levels of sclerostin have
been related with poor bone formation and decreased bone
mass in metabolic bone disorders.(35) In conclusion, these
findings show that the combination of markers of mineral
metabolism with markers of bone turnover may improve the
diagnostic discrimination of osteomalacia.

We noted in the logistic regression analysis that
calcium and phosphorus had strong negative associations
with osteomalacia, indicating poor mineralization.
Increased PTH levels may reflect compensatory secondary
hyperparathyroidism due to vitamin D insufficiency and
altered calcium metabolism. The increase of PINP and
CTX levels in osteomalacia patients suggests the alteration
of bone turnover activity and augmentation of skeletal
remodeling. Higher sclerostin concentrations may be
associated with altered osteocyte activity and reduced
bone formation by inhibiting the Wnt/B-catenin signaling
pathway. In conclusion, the present data demonstrate
that changes in mineral metabolism and bone remodeling
indicators are related with the pathogenesis of osteomalacia.
The forest plot of logistic regression analysis showed
that the relationships between the examined biomarkers
and osteomalacia were inconsistent. PINP and CTX had
significantly larger positive ORs than the other biomarkers,
indicating a relatively stronger statistical association with
illness occurrence in the regression model. Sclerostin and
PTH were also positively associated, whereas calcium,
phosphorus, ALP, and vitamin D were associated with odds
ratios <1, indicating inverse correlations with the prevalence
of osteomalacia.

These data are generally consistent with the ROC
analysis, which revealed good diagnostic performance for
indicators of mineral metabolism, particularly vitamin D,
calcium, and phosphorus. The differences observed between
ROC and logistic regression analyses may be related to the
distinct statistical purposes of each method: ROC analysis
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evaluates discriminative ability, whereas logistic regression
assesses the independent contribution of each biomarker
after adjustment for other variables. Taken together, the
results indicate that anomalies of mineral metabolism
and altered bone turnover indicators are related to
osteomalacia.(36)

Correlation analysis was further conducted as it
has been deemed a useful statistical tool for evaluating
interactions among vitamin D, PTH, calcium, phosphate,
and bone remodelling indicators in metabolic bone diseases.
(37) In the correlation between the biomarkers, a substantial
negative association was found between vitamin D and
PTH, indicating an adverse link between vitamin D status
and parathyroid activity. Negative associations between
calcium, phosphate, and PTH also suggested abnormalities
in mineral homeostasis associated with osteomalacia. These
findings are consistent with earlier research reporting that
vitamin D deficiency influences calcium homeostasis and
that vitamin D insufficiency is associated with increased
PTH production to maintain serum calcium levels.(38,39)

The PINP metric was positively correlated with
parameters associated with bone production, indicating
elevated bone turnover activity in patients with osteomalacia.
On the other hand, CTX correlated less strongly with the
biomarkers studied. This could indicate some diversity in
bone resorption activity among patients. Sclerostin showed
variable correlations with many biochemical indicators,
supporting the hypothesis that sclerostin may be involved
in changes in bone metabolism. Sclerostin is an osteocyte-
derived protein which has been shown to regulate the
Wnt/B-catenin signalling pathway and may influence bone
formation.(40)

Overall, the results of the heatmap indicate that
hypovitaminosis D, increased PTH, a disturbed calcium/
phosphate balance and osteocyte signaling pathways
are tightly linked in the etiology of osteomalacia and
osteoporosis. The observed associations corroborate current
hypotheses that characterize sclerostin and Wnt signaling
as essential regulators of skeletal remodeling and potential
indicators of metabolic bone disease progression.

The study has some limitations, including the cross-
sectional design, relatively small sample size, and enrollment
from a single site, which could limit the generalizability
of the findings. Also, external validation of the diagnostic
models was not undertaken. Larger multicenter cohorts and
longitudinal studies should be conducted in the future to
validate these findings and further evaluate the clinical value
of the examined biomarkers in osteomalacia. Moreover,
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although numerous biomarkers demonstrated good
diagnostic performance, the possibility of overestimation
cannot be ruled out given sample characteristics and the
lack of external validation. Thus, these results need to be
validated in larger independent cohorts before clinical

adoption.

Conclusion

The present investigation showed remarkable changes in
mineral metabolism and bone turnover indicators in patients
with osteomalacia. Mineral homeostasis was disturbed, as
evidenced by decreased vitamin D, calcium, and phosphate
levels and increased PTH and ALP concentrations. Impaired
bone mineralization was seen. Furthermore, osteomalacia
patients had increased levels of PINP, CTX, and sclerostin,
suggesting alterations in bone turnover activity compared
to controls. Our results show that sclerostin and PINP
might be viable biomarkers for assessing osteomalacia, but
prospective multicentric studies with larger sample sizes are
required to confirm their clinical value before they can be
used in routine clinical practice.
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