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Abstract: Background: Renal Osteodystrophy (ROD) is a severe complication among uremic patients. However, the
gold standard for diagnosis, bone biopsy, is invasive and difficult to apply routinely. Although low-dose CT (LDCT) is
widely used for other assessments in this population, its value in the non-invasive diagnosis of ROD remains to be
elucidated. Purpose: To investigate the feasibility and diagnostic performance of quantitative assessment of lumbar
vertebral microstructural changes using routine LDCT images for the identification and diagnosis of ROD and its
subtypes. Methods: This was a retrospective cohort study. A total of 155 uremic patients undergoing regular dialysis
who concurrently underwent abdominal/pelvic LDCT and bone metabolic biochemical tests at the Affiliated Hospital
of Jinggangshan University between June 2023 and June 2025 were consecutively enrolled. Based on the KDIGO
guidelines combined with biochemical markers (iPTH, calcium, phosphorus, ALP, etc.), patients were categorized
into a non-ROD group (n = 49), high-turnover ROD (n = 44), low-turnover ROD (n = 30), and mixed-type ROD (n =
32). Using 3D Slicer software, the following parameters were measured in the trabecular bone region of the L1/
L2 vertebral bodies: volumetric bone mineral density (vBMD), bone volume fraction (BV/TV), trabecular thickness
(Tb.Th), trabecular separation (Tb.Sp), trabecular number (Tb.N), and cortical thickness (Ct.Th). Inter-group differ-
ences were compared, correlations between CT parameters and biochemical markers were analyzed, and the di-
agnostic performance was evaluated using Receiver Operating Characteristic (ROC) curves. Results: The overall
prevalence of ROD was 68.4% (106/155). Significant differences in biochemical markers and CT parameters were
observed among the ROD subtypes (all P<0.001). High-turnover ROD exhibited the highest iPTH (552.60 + 115.90
pg/mL), ALP (260.55 + 50.29 U/L), and the worst bone microstructure (lowest BV/TV: 13.89 + 3.09%, highest
Th.Sp: 1.03 + 0.15 mm). Th.Sp demonstrated the best performance in differentiating ROD from non-ROD, with an
Area Under the Curve (AUC) of 0.902 (sensitivity 81.1%, specificity 89.8%, cutoff value 0.84 mm). CT parameters
(e.g., BV/TV, vBMD, Th.Sp) showed significant correlations with iPTH, ALP, and serum phosphorus (|r| = 0.429-
0.579, P<0.001). When combining iPTH with BV/TV to construct a model, the diagnostic AUC improved to 0.888.
Additionally, bone microstructure parameters showed significant correlations with coronary artery calcification (e.g.,
BV/TV: r = -0.383, P<0.001), supporting the bone-vascular axis concept. Conclusion: Quantitative analysis of lum-
bar vertebral microstructure using existing LDCT images in uremic patients can effectively differentiate ROD sub-
types and corroborate biochemical changes, with trabecular separation (Th.Sp) showing outstanding diagnostic
value. This method serves as a non-invasive and convenient auxiliary tool that may facilitate the clinical identifica-
tion and precise management of ROD.
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Introduction logical alterations involve abnormalities in
bone turnover, mineralization, and volume, with
Renal Osteodystrophy (ROD) is a common and clinical classifications encompassing high-

severe complication of mineral and bone turnover, low-turnover, and mixed types [2].

metabolism disorders in patients with chronic
kidney disease (CKD), particularly end-stage
renal disease (uremia) [1]. Its primary patho-

ROD not only leads to significant bone pain and
increased fracture risk but is also closely asso-
ciated with vascular calcification, cardiovascu-
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lar events, and elevated all-cause mortality,
severely impacting patients’ quality of life and
long-term prognosis [3, 4].

Currently, the “gold standard” for diagnosing
and classifying ROD remains as histomorpho-
metric analysis following iliac bone biopsy [5,
6]. However, this technique is invasive, complex
to perform, prone to sampling errors, poorly
accepted by patients, and difficult to repeat,
thereby limiting its widespread application
in routine clinical practice and dynamic moni-
toring [7, 8]. In clinical practice, physicians pri-
marily rely on serum biochemical markers, such
as intact parathyroid hormone (iPTH), calcium,
phosphorus, and alkaline phosphatase (ALP),
for evaluation and classification [9, 10]. Al-
though these markers are indispensable, their
correlation with histological bone changes is
not entirely consistent. Furthermore, they can-
not directly and quantitatively reflect the true
state of bone microstructure, potentially lead-
ing to underestimation or misjudgment of bone
status in some patients [11, 12]. Consequently,
there is an urgent clinical need to develop a
non-invasive, accurate, and quantitative meth-
od for assessing bone microstructure to facili-
tate the early identification, precise classifica-
tion, and therapeutic follow-up of ROD.

Recent advances in medical imaging have pro-
vided new avenues for non-invasive bone qual-
ity assessment. High-resolution peripheral qu-
antitative CT (HR-pQCT) can precisely quantify
bone microstructure; however, it suffers from
high equipment costs, low availability, and lim-
ited scanning range [13]. In contrast, conven-
tional CT, particularly low-dose CT (LDCT), is
widely used in the clinical evaluation of uremic
patients - for instance, for coronary artery cal-
cium scoring, urolithiasis examination, and
diagnosis of primary diseases [14, 15]. These
examinations often cover the lumbar spine
region. Theoretically, utilizing the grayscale
information (Hounsfield Units, HU) from exist-
ing CT images and conducting morphological
analyses via post-processing software can
derive quantitative parameters reflecting bone
density and trabecular microstructure, such as
bone volume fraction (BV/TV), trabecular sepa-
ration (Th.Sp), and trabecular thickness (Th.Th)
[16, 17]. This presents a potential opportunity
for “secondary analysis” of routine LDCT imag-
es to evaluate ROD. However, systematic evi-
dence regarding the feasibility, diagnostic per-
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formance, and correlation with clinical bio-
chemical markers of quantitative bone micro-
structural parameters derived from convention-
al LDCT for diagnosing ROD and its subtypes in
the Chinese uremic dialysis population remains
lacking.

Based on this, the present study aims to inves-
tigate the feasibility of quantitatively measuring
lumbar spine microstructural parameters using
existing abdominal or pelvic low-dose CT (LDCT)
images from uremic patients, to non-invasively
distinguish Renal Osteodystrophy (ROD) from
non-ROD and differentiate among various ROD
subtypes through a retrospective cohort analy-
sis. We plan to systematically compare param-
eter differences among groups, analyze their
correlations with serum biochemical markers,
and evaluate the diagnostic performance of
key parameters via Receiver Operating Char-
acteristic (ROC) curves. Ultimately, we aim to
establish a convenient and effective imaging-
assisted diagnostic tool, providing new evi-
dence for the precise management of ROD in
clinical practice.

Materials and methods
Study design and ethics statement

This study was a single-center, retrospective
cohort study. The study protocol was approved
by the Institutional Review Board/Ethics Com-
mittee of Affiliated Hospital of Jinggangshan
University. All procedures were conducted in
accordance with the principles of the De-
claration of Helsinki (2013 revision).

Study participants

We retrospectively collected data from uremic
patients undergoing regular hemodialysis or
peritoneal dialysis at Nephrology Center of
Affiliated Hospital of Jinggangshan University
between June 2023 and June 2025 (Figure 1).
The LDCT protocol used in this study complies
with the International Commission on Radi-
ological Protection (ICRP) definition of low-dose
CT. We randomly selected dose reports from
30 patients. The results showed that the CT
dose index (CTDIvol) ranged from 2.5 to 5.0
mGy, the dose-length product (DLP) ranged
from 150 to 350 mGy-cm, and the effective
radiation dose was approximately 2.0 to 4.0
mSv. These values are significantly lower than
those of conventional diagnostic CT (approxi-
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n=215

Initial screening (Low-dose CT + biochemical markers)

Record (EMR) and Picture Ar-
chiving and Communication
System (PACS).

Demographic and clinical da-

n=15

Exclusion criteria applied:

- Poor CT image quality, n=12

- Other metabolic bone
diseases, n=18

- Medication history affecting
bone metabolism, n=15

- History of lumbar surgery,

ta: Age, sex, dialysis modality,
dialysis vintage, Body Mass
Index (BMI), and primary renal
disease.

Biochemical markers: The mo-
st recent results of iPTH, ser-
um calcium, serum phospho-

Final included for analysis, n=155

Figure 1. Patient screening flowchart.

mately 5-10 mSy), indicating good radiation
safety.

Inclusion and exclusion criteria

Inclusion criteria were as follows: (1) Age >18
years; (2) Regular dialysis duration >3 months;
(3) Completion of an abdominal or pelvic non-
contrast low-dose CT scan encompassing the
lumbar spine for clinical indications (e.g.,
assessment of coronary artery calcification,
urolithiasis) during the study period; (4) Av-
ailability of comprehensive bone metabolic bio-
chemical tests - including intact parathyroid
hormone (iPTH), serum calcium, serum phos-
phorus, alkaline phosphatase (ALP), and 25-
hydroxyvitamin D-within 1 month before or
after the CT examination.

Exclusion criteria were as follows: (1) History of
lumbar spine surgery, fractures, or bone metas-
tases that could affect vertebral structure; (2)
Presence of other diseases severely affecting
bone metabolism, such as primary hyperpara-
thyroidism, hyperthyroidism, or Paget's dis-
ease; (3) Severe CT artifacts precluding accu-
rate measurement; (4) Incomplete clinical or
imaging records.

Data collection

The following data were retrospectively collect-
ed through the hospital's Electronic Medical
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rus, ALP, and 25(0OH)D closest
to the CT examination date
were collected. All assays were
performed in Affiliated Hospit-
al of Jinggangshan University’s
clinical laboratory using stan-
dardized methods.

CT image data: Original thin-

slice images (slice thickness
<1.25 mm) of low-dose CT scans were retriev-
ed from PACS. CT scanners used included
Siemens Somatom Definition Flash, GE
Revolution CT, with scanning parameters ad-
hering to a low-dose protocol (tube voltage
100-120 kVp, automated tube current mo-
dulation). Scan parameters: Use a Siemens
Somatom Definition Flash or GE Revolution CT
scanner. The scan field of view covers the ab-
domen or pelvis. The specific parameters for
the low-dose scan protocol are as follows: tube
voltage 100-120 kVp; use automatic tube cur-
rent modulation technology (CARE Dose4D or
AutomA) with a reference tube current of
80-120 mAs; pitch 0.8-1.2; Scan speed: 0.5-
0.8 seconds per rotation; Reconstruction slice
thickness and slice spacing: 0.625-1.25 mm;
Reconstruction algorithm: standard soft tissue
algorithm or bone algorithm.

Obtain the patient’s medication history, includ-
ing the use of phosphate binders (type and
dose), active vitamin D analogs (such as cal-
citriol and palicalcitol), and calcium-mimetic
agents (such as cinacalcet).

CT image analysis and bone microstructural
parameter measurement

All CT image analyses were performed indepen-
dently by two radiologists with more than 3
years of experience in musculoskeletal imag-
ing, who were blinded to the patients’ clinical
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groupings. The open-source software 3D Slicer
(Version 5.2.2) was used for analysis.

Region of Interest (ROI) selection: On axial im-
ages, the vertebral body of the first (L1) or sec-
ond (L2) lumbar vertebra was selected. The
superior and inferior endplates, cortical bone,
and basivertebral veins were carefully avoided.
If L1/L2 were unsuitable due to lesions, the
third lumbar vertebra (L3) was selected. In the
axial view of the 3D Slicer software, the mid-
sagittal plane of the L1 or L2 vertebral body
was selected (avoiding the areas where the
vertebral basilar veins enter and exit). The ROI
was elliptical, with an area of 200-300 mm?Z.
The positioning criteria were as follows: the
upper border of the ROl was 23 mm from the
superior endplate; the lower border was >3
mm from the inferior endplate; the anterior bor-
der was 22 mm from the anterior cortical mar-
gin of the vertebral body; and the posterior bor-
der avoided the area of the vertebral basilar
foramen to ensure that the ROI consists primar-
ily of cancellous bone.

Parameter measurements: “Radiomics” or “Qu-
antitative Radiology” module in 3D Slicer ver-
sion 5.2.2 was used. First, the “Grow from
seeds” tool was used or the manual threshold
segmentation tool was set to a HU threshold
range (e.g., 150-1000 HU) to perform an initial
segmentation of the bone tissue. The threshold
range was determined based on established
methodologies for trabecular bone analysis in
CT imaging [18], as threshold selection signifi-
cantly influences the quantification of bone
microstructural parameters [19]. The ‘Trab-
ecular Bone Analysis’ extension module was
applied to automatically calculate microstruc-
tural parameters on the segmented binary
image using skeletonization and distance
transformation algorithms. To calculate BV/TV,
the volume of the segmented bone tissue was
divided by the total ROI volume; to calculate
Tb.Th, Th.Sp, and Th.N, measurements based
on the plate model were used. An oval-shaped
ROI (approximately 200-300 mm?) was manu-
ally delineated within the trabecular bone area,
and the software automatically calculated the
following quantitative parameters: Volumetric
Bone Mineral Density (vBMD): Mean CT value
expressed in Hounsfield Units (HU).

Bone Volume Fraction (BV/TV): Percentage of
trabecular bone volume relative to total
volume.
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Trabecular Thickness (Tb.Th): Mean thickness
of trabeculae (mm).

Trabecular Separation (Tbh.Sp): Mean distance
between trabeculae (mm).

Trabecular Number (Th.N): Number of trabecu-
lae per unit length (1/mm).

Cortical Thickness (Ct.Th): Mean thickness of
the lateral vertebral cortex (mm).

The inter-observer ICC values for all six micro-
structure parameters ranged from 0.846 to
0.884 (Supplementary Table 1), indicating ex-
cellent reproducibility. To assess intra-observer
reliability, one of the observers randomly sele-
cted images from 30 patients and repeated the
measurements after a 4-week interval. Intra-
class correlation coefficients (ICC) were used to
evaluate intra-observer reliability. The results
showed that the intra-observer ICC for all
parameters was greater than 0.80, indicating
excellent reproducibility of the measurements.

Diagnosis and subclassification of ROD

Referencing kidney disease: Improving Global
Outcomes (KDIGO) Clinical Practice Guidelines
and related literature, patients were diagnosed
and subclassified into ROD categories based
on biochemical markers (clinical diagnostic cri-
teria, not the gold standard of bone biopsy) as
follows.

Non-ROD group: Patients with iPTH, serum cal-
cium, serum phosphorus, and ALP levels all
within the target ranges recommended by
KDIGO (iPTH: 2-9 times the upper limit of nor-
mal; calcium and phosphorus close to normal
ranges), without definite clinical evidence of
bone disease.

High-turnover ROD: Characterized by signifi-
cantly elevated iPTH (>600 pg/mL or meeting
local laboratory high range), frequently accom-
panied by hyperphosphatemia and elevated
ALP.

Low-turnover ROD: Characterized by low or low-
normal iPTH levels (<150 pg/mL), frequently
accompanied by hypercalcemia and low ALP.

Mixed-type ROD: Exhibiting biochemical fea-
tures of both high- and low-turnover disorders,
or presenting with intermediate iPTH levels
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Table 1. Baseline characteristics

Variable Overall Non-ROD  High-turnover Low-turnover  Mixed-type /e Pvalue
(N =155) (N =49) ROD (N =44) ROD (N=30) ROD (N =232)
Age (years) 540+144 552+142 552+139 504+16.1 53.8+13.6 0.844 0472
Gender - Male (%) 95 (61.3%) 34 (69.4%) 24 (54.5%) 18 (60.0%) 19 (59.4%) 2.268 0.519
Dialysis vintage (years) 7.3+4.2 74+4.4 77+4.1 70+4.2 70+4.1 0.246 0.864
BMI (kg/m?) 242+51 242+46 23.9+5.3 247 +5.6 241+5.5 0.133 0.940
Phosphate binder use (%) 87 (56.1%) 14 (28.6%) 34 (77.3%) 13 (43.3%) 26 (81.2%) 33.296 <0.001
Active vitamin D analog use (%) 72 (46.5%) 7 (14.3%) 41 (93.2%) 4 (13.3%) 20 (62.5%) 75.551 <0.001
Calcimimetic use (%) 51 (32.9%) 2 (4.1%) 34 (77.3%) 5 (16.7%) 10 (31.2%) 61.295 <0.001

Abbreviations: ROD, Renal Osteodystrophy; BMI, Body Mass Index; SD, standard deviation.

combined with other marker abnormalities.
Final categorization was determined by consen-
sus between two attending nephrologists ba-
sed on comprehensive biochemical profiles
and clinical course.

Statistical analysis

Data analysis was performed using SPSS 26.0
and R 4.2.1 software. Continuous variables
that followed a normal distribution are ex-
pressed as mean + standard deviation (Mean +
SD); continuous variables that did not follow a
normal distribution are expressed as median
(interquartile range); and categorical variables
are expressed as frequency (percentage). For
between-group comparisons, one-way analysis
of variance (ANOVA) was used for data that
were normally distributed and had homogenei-
ty of variances; otherwise, the Kruskal-Wallis H
test was used. Post-hoc pairwise comparisons
were performed using the LSD-t test or Bon-
ferroni correction. Comparisons of categorical
variables were performed using the chi-square
test or Fisher's exact test. For correlation
analysis, Pearson or Spearman correlation is
selected based on the data distribution type.
Diagnostic performance is evaluated using
receiver operating characteristic (ROC) curve
analysis, calculating the area under the curve
(AUC), optimal cutoff value, sensitivity, and
specificity; the DelLong test is used to compare
differences in AUC among different models.
For multivariate analysis, principal component
analysis (PCA) was used to perform dimension-
ality reduction on multiple CT bone microstruc-
tural parameters to explore their primary pat-
terns of variation; if there were differences in
baseline medication use among groups, adjust-
ments were made using multivariate analysis
of covariance (ANCOVA) or multiple regression
analysis. All continuous variables underwent
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the Shapiro-Wilk normality test prior to correla-
tion analysis. All statistical tests were two-sid-
ed, and a P-value of <0.05 was considered sta-
tistically significant.

Results

Baseline characteristics of the study popula-
tion

A total of 155 uremic patients undergoing regu-
lar dialysis were included in this study, all of
whom completed both low-dose CT scans and
biochemical assessments of bone metabo-
lism. The mean age of the participants was
54.0 + 14.4 years, with 61.3% being male. The
average dialysis vintage was 7.3 + 4.2 years.
According to the clinical diagnostic criteria, 106
patients (68.4%) were diagnosed with Renal
Osteodystrophy (ROD), comprising 44 cases
(28.4%) of high-turnover ROD, 30 cases (19.4%)
of low-turnover ROD, and 32 cases (20.6%) of
mixed-type ROD. The non-ROD group consisted
of 49 patients (31.6%). No significant differ-
ences were observed among the groups re-
garding age, sex, dialysis duration, or BMI
(Table 1). Significant differences were observ-
ed among the groups regarding the use of
phosphate binders, active vitamin D analogs,
and calcimimetics (all P<0.001, Table 1).
Descriptive statistics for biochemical markers
and CT-based bone microstructural parameters
for the entire cohort are presented in Table 2.

Comparison of biochemical markers among
ROD subtypes

Significant differences in biochemical markers
were observed among the ROD subtypes
(Figure 2; Table 3). Patients with high-turnover
ROD exhibited the highest levels of iPTH
(552.60 + 115.90 pg/mL), serum phosphorus

Am J Transl Res 2026;18(5):4356-4372
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Table 2. Descriptive statistics

Parameter Mean + SD Median Minimum  Maximum Referencerange N

iPTH (pg/mL) 251.41 +215.77  148.98 11.42 796.07 15-65 155
Serum calcium (mmol/L) 2.31+0.16 2.32 2.00 2.70 2.11-2.52 155
Serum phosphorus (mmol/L) 1.93+0.41 1.91 1.20 2.79 0.85-1.51 155
ALP (U/L) 155.08 + 80.55 115.39 61.14 340.93 45-125 155
Vitamin D (ng/mL) 21.44 +5.47 21.83 10.04 34.29 20-50 155
Volumetric BMD (HU) 157.74 £ 28.05 160.00 80.00 233.00 >150 155
Bone volume fraction (%) 16.49 + 3.63 16.80 8.00 25.19 15-25 155
Trabecular thickness (mm) 0.13+£0.03 0.13 0.08 0.19 0.1-0.2 155
Trabecular separation (mm) 0.89 +0.17 0.88 0.48 1.30 0.5-1.0 155
Trabecular number (1/mm) 1.61 £ 0.28 1.60 1.00 2.24 1.5-2.5 155
Cortical thickness (mm) 0.66 +0.12 0.67 0.30 0.99 0.5-1.5 155

Abbreviations: iPTH, intact parathyroid hormone; ALP, alkaline phosphatase; BMD, bone mineral density; BV/TV, bone volume
fraction; Th.Th, trabecular thickness; Tb.Sp, trabecular separation; Tb.N, trabecular number; Ct.Th, cortical thickness; HU,

Hounsfield Units; SD, standard deviation.
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Figure 2. Comparison of biochemical markers among ROD subtypes. Comparison of biochemical markers among
ROD subtypes. Box plots showing serum levels of (A) intact parathyroid hormone (iPTH), (B) calcium, (C) phosphorus,
(D) alkaline phosphatase (ALP) across the non-ROD (n = 49), high-turnover ROD (n = 44), low-turnover ROD (n = 30),
and mixed-type ROD (n = 32) groups. One-way ANOVA revealed significant differences for all markers (P<0.001).
Data are presented as mean = SD. Abbreviations: ROD, Renal Osteodystrophy; iPTH, intact parathyroid hormone;
ALP, alkaline phosphatase; SD, standard deviation; ANOVA, analysis of variance.
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Table 3. Biochemical ANOVA with descriptive

. Overall Non-ROD High-turnover  Low-turnover Mixed-type
Variable P-value
(N = 155) (N =49) ROD (N=44) ROD(N=30) ROD(N=32)
iPTH (pg/mL) 251.41 + 215.77 95.51+35.95 552.60 + 115.90 50.60 + 23.29 264.26 +61.31 417.203 <0.001
Serum calcium (mmol/L) 2.31+0.16 2.18+0.13 2.28+0.11 2.49+0.10 2.39+0.12 50.553 <0.001
Serum phosphorus (mmol/L) 1.93 £ 0.41 1.51+0.18 2.33+0.32 1.81+0.21 2.13+0.25 96.657 <0.001
ALP (U/L) 155.08 + 80.55 96.23 +£15.08 260.55+50.29 85.71+13.39 165.22+46.66 211.14 <0.001

Abbreviations: ROD, Renal Osteodystrophy; iPTH, intact parathyroid hormone; ALP, alkaline phosphatase; SD, standard deviation; ANOVA, analysis of variance.
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Figure 3. Comparison of CT bone microstructure parameters among ROD subtypes. Comparison of CT-derived bone
microstructural parameters among ROD subtypes. Bar charts showing (A) volumetric bone mineral density (vBMD),
(B) bone volume fraction (BV/TV), (C) trabecular thickness (Tb.Th), (D) trabecular separation (Tb.Sp), (E) trabecular
number (Tb.N), and (F) cortical thickness (Ct.Th) across the non-ROD (n = 49), high-turnover ROD (n = 44), low-
turnover ROD (n = 30), and mixed-type ROD (n = 32) groups. One-way ANOVA confirmed significant differences for
all parameters (P<0.001, except for Tb.Th: P = 0.001). Data are presented as mean + SD. Abbreviations: ROD, Renal
Osteodystrophy; vBMD, volumetric bone mineral density; BV/TV, bone volume fraction; Tb.Th, trabecular thickness;
Th.Sp, trabecular separation; Th.N, trabecular number; Ct.Th, cortical thickness; SD, standard deviation; ANOVA,

analysis of variance.

(2.33 + 0.32 mmol/L), and ALP (260.55 *
50.29 U/L), while showing the lowest vitamin
D levels (17.56 + 4.15 ng/mL). In contrast,
patients with low-turnover ROD presented with
low iPTH (50.60 + 23.29 pg/mL), high serum
calcium (2.49 + 0.10 mmol/L), and higher vita-
min D levels (27.11 + 4.51 ng/mL). The mixed-
type ROD group displayed values intermediate
between these two extremes. One-way ANOVA
confirmed that all five biochemical markers dif-
fered significantly among the groups (P<0.001).
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Comparison of CT bone microstructural param-
eters

CT-derived bone microstructural parameters
also showed significant variations across ROD
subtypes (Figure 3; Table 4). Compared to the
non-ROD group, all ROD subgroups exhibited
lower bone volume fraction (BV/TV), trabecular
number (Th.N), cortical thickness (Ct.Th), and
volumetric bone mineral density (vBMD), along
with increased trabecular separation (Tb.Sp).

Am J Transl Res 2026;18(5):4356-4372
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Table 4. CT ANOVA with Descriptive

Overall Non-ROD

Variable (N = 155) (N = 49)

High-turnover  Low-turnover
ROD (N=44) ROD(N=30) ROD(N=32)

Mixed-type F P-value

Volumetric BMD (HU)

157.74 + 28.05 178.86 + 18.74 135.77 +22.66 159.53 +21.78 153.91 + 28.31 28.340 <0.001

Bone volume fraction (%) 16.49 + 3.53 19.43 + 2.56 13.89 + 3.09 17.22 +2.72 14.88 + 2.30 37.480 <0.001
Trabecular thickness (mm) 0.13+0.03 0.15 + 0.02 0.13+0.03 0.13+0.03 0.13+0.03 5.422 <0.001
Trabecular separation (mm)  0.89 + 0.17 0.74 £ 0.08 1.03 + 0.15 0.89+£0.14 0.94 +£0.14 42.109 <0.001
Trabecular number (1/mm) 1.61+0.28 1.81+0.20 1.45+0.24 1.64 £0.25 1.51+0.27 19.814 <0.001
Cortical thickness (mm) 0.66 + 0.12 0.73+0.10 0.63 + 0.10 0.65 + 0.10 0.60 + 0.13 12.034 <0.001

Abbreviations: ROD, Renal Osteodystrophy; BMD, bone mineral density; BV/TV, bone volume fraction; Th.Th, trabecular thickness; Tb.Sp, trabecular separation; Th.N,
trabecular number; Ct.Th, cortical thickness; HU, Hounsfield Units; SD, standard deviation; ANOVA, analysis of variance.

g 0.17
2 3
E -0.21
@
2
2
Q
£
g
© - -0.20 -0.16 -0.19 -0.18
o=
o
2
o
2
@
2
Qo
=g
: 0.19 0.58
oe
o
o
=
[&]
z
-d : -
=
<
’8 - -0.21 -0.21 -0.24 -0.22
iPTH Serum Ca Serum P ALP

Biochemical Markers

Figure 4. Correlation between CT parameters and biochemical markers. Ab-
breviations: CT, computed tomography; iPTH, intact parathyroid hormone;
ALP, alkaline phosphatase; vBMD, volumetric bone mineral density; BV/TV,
bone volume fraction; Th.Th, trabecular thickness; Th.Sp, trabecular sepa-
ration; Th.N, trabecular number; Ct.Th, cortical thickness.

Notably, the high-turnover ROD subtype dem-
onstrated the most severe microstructural
deterioration, characterized by the lowest BV/
TV (13.89 £ 3.09%) and vBMD (135.77 + 22.66
HU), as well as the highest Th.Sp (1.03 + 0.15
mm). One-way ANOVA confirmed highly signifi-
cant differences for all CT parameters among
the groups (P<0.001).
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Correlation between CT
parameters and biochemical
markers

Correlation analysis (Figure 4)
revealed significant associa-
tions between biochemical
markers reflecting bone res-
orption and metabolic activity
(iPTH, phosphorus, ALP) and
CT bone microstructural pa-
rameters. Specifically, BV/TV,
vBMD, and Th.N showed mod-
erate to strong negative corre-
lations with iPTH, phosphorus,
and ALP (correlation coeffi-
cients r ranging from -0.429
to -0.534, P<0.001). Conver-
| 02 sely, Th.Sp showed positive
correlations with these mark-
ers (correlation coefficients r
ranging from 0.494 to 0.579,
P<0.001). The correlations be-
tween serum calcium and CT
parameters were relatively we-
ak. Since the iPTH and dialysis
duration followed a non-nor-
mal distribution (Shapiro-Wilk
test, P<0.05), Spearman’s cor-
relation analysis was used to
assess their correlation with
CT parameters; Pearson’s cor-
relation analysis was used for
the remaining variables.

-0.0

Correlation Coefficient

Association of bone microstructure with vascu-
lar calcification and fracture risk

To further explore the relationship between
bone microstructure changes and the multi-
system transformation effects of metabolic
bone diseases, this study analyzed the correla-
tions between CT bone microstructure param-
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Table 5. Correlations between bone microstructure parameters and vascular calcification, fracture

risk

Microstructure parameter  Outcome

Correlation coefficient (r) P-value Method

Bone volume fraction (%) Coronary artery calcification (CAC) -0.383 <0.001 Spearman
Bone volume fraction (%) Fragility fracture history -0.047 0.557 Spearman
Trabecular separation (mm) Coronary artery calcification (CAC) 0.131 0.104 Spearman
Trabecular separation (mm) Fragility fracture history 0.120 0.138 Spearman

Volumetric BMD (HU)

Coronary artery calcification (CAC) -0.159 0.048 Spearman

Volumetric BMD (HU) Fragility fracture history -0.028 0.729 Spearman
Trabecular number (1/mm) Coronary artery calcification (CAC) -0.016 0.845 Spearman
Trabecular number (1/mm) Fragility fracture history 0.050 0.535 Spearman

Cortical thickness (mm)
Cortical thickness (mm)

Coronary artery calcification (CAC) -0.160 0.046 Spearman
Fragility fracture history

0.024 0.769 Spearman

Abbreviations: ROD, Renal Osteodystrophy; CAC, coronary artery calcification; BMD, bone mineral density; HU, Hounsfield Units;
BV/TV, bone volume fraction; Tb.Sp, trabecular separation; Th.N, trabecular number; Ct.Th, cortical thickness; SD, standard

deviation.
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ed with CAC (r = -0.159 and
-0.160 respectively, both P<
0.05). The trabecular separa-
tion (Th.Sp) was positively cor-
related with CAC, but did not
reach statistical significance (r
= 0.131, P = 0.104). In terms
of fracture risk, all bone micro-
structure parameters were not
significantly correlated with the
history of fragility fractures (all
P>0.05).

Diagnostic performance of CT
parameters for ROD

—— Tb_Sp_mm (AUC = 0.902)
—— VBMD_HU (AUC = 0.824)

00 02 0.4 06 08 1.0
False Positive Rate

Figure 5. ROC curves of key CT parameters for ROD diagnosis. Abbrevia-
tions: ROD, Renal Osteodystrophy; ROC, Receiver Operating Characteristic;
AUC, Area Under the Curve; Tb.Sp, trabecular separation; BV/TV, bone vol-
ume fraction; vBMD, volumetric bone mineral density.

Receiver Operating Characte-
ristic (ROC) curve analysis was
used to evaluate the diagnos-
tic value of key CT parameters
in differentiating ROD from
non-ROD (Figure 5). Trabecul-
ar separation (Th.Sp) demon-

eters and coronary artery calcium score (CAC)
as well as the history of fragility fractures (Table
5). The results showed that the bone volume
fraction (BV/TV) was significantly negatively
correlated with CAC (r =-0.383, P<0.001), indi-
cating that the more severe the bone loss, the
higher the degree of vascular calcification. The
volumetric bone density (vBMD) and cortical
bone thickness (Ct.Th) were also weakly but
statistically significantly negatively correlat-
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strated the highest diagnostic

performance, with an Area
Under the Curve (AUC) of 0.902. At an optimal
cutoff value of 0.84 mm, it yielded a sensitivity
of 81.1% and a specificity of 89.8%. The AUCs
for bone volume fraction (BV/TV) and volumet-
ric bone mineral density (vBMD) were 0.857
and 0.824, respectively. When a combined
model was constructed by integrating stan-
dardized iPTH and BV/TV parameters, the diag-
nostic AUC improved to 0.888, outperforming
either individual indicator alone (Figure 6).
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Principal component analy-
sis of bone microstructural
parameters

Principal Component Analysis
(PCA) was performed on the six
CT bone microstructural para-
meters for dimensionality re-
duction (Figure 10). The first
two principal components ac-
counted for 56.0% of the total
variance (PC1: 40.5%, PC2:
15.4%), indicating that these
parameters can effectively dis-
tinguish different bone mi-
crostructural phenotypes and
may correspond to distinct
ROD pathophysiological states.

0.0 02 04 0.6
False Positive Rate

1.0

Discussion

Figure 6. ROC curves of combined diagnostic model. Abbreviations: ROD,

Renal Osteodystrophy; ROC, Receiver Operating Characteristic; AUC, Area
Under the Curve; iPTH, intact parathyroid hormone; BV/TV, bone volume

fraction.

Comparison of parameter differences among
ROD subtypes

Forest plots visually illustrate the mean differ-
ences in key indicators between each ROD sub-
type and the non-ROD group (Figure 7). The
results showed that high-turnover and mixed-
type ROD exhibited significant positive or nega-
tive differences compared to the non-ROD
group in terms of iPTH, serum phosphorus, ALP,
and most CT parameters. In contrast, low-turn-
over ROD was primarily characterized by signifi-
cantly lower iPTH and ALP levels, and higher
serum calcium levels compared to the non-ROD
group. Representative mean comparisons of
key parameters across subtypes are shown in
Figure 8.

Association between dialysis vintage and bone
microstructure

A significant negative correlation was observ-
ed between dialysis vintage and bone volume
fraction (BV/TV) (r = -0.261, P = 0.001), sug-
gesting that bone loss may intensify as the
duration of dialysis increases (Figure 9). The
linear regression equation was: BV/TV (%) =
18.11 - 0.22 x Dialysis vintage (years).
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This study systematically in-
vestigated the value of quanti-
tative assessment of lumbar
vertebral microstructure using
routine low-dose CT (LDCT) images for the non-
invasive diagnosis of Renal Osteodystrophy
(ROD) through a retrospective analysis of 155
uremic patients undergoing regular dialysis.
The main findings were as follows: (1) Distinc-
tive alterations in CT-based bone microstruc-
tural parameters were observed among differ-
ent ROD subtypes, which corresponded to the
classical patterns of biochemical abnormali-
ties; (2) Parameters such as trabecular separa-
tion (Th.Sp) demonstrated excellent diagnostic
performance for identifying ROD; (3) CT micro-
structural parameters showed significant cor-
relations with key biochemical markers (iPTH,
ALP, serum phosphorus) reflecting bone meta-
bolic activity; (4) A combined model integrating
iPTH and bone volume fraction (BV/TV) further
enhanced diagnostic accuracy. These results
provide important imaging evidence for utiliz-
ing the widely available LDCT as a tool for the
auxiliary diagnosis and evaluation of ROD.

The most significant finding of this study is that
bone microstructural parameters derived from
routine LDCT can effectively differentiate be-
tween various ROD subtypes. Our data revealed
that patients with high-turnover ROD exhibited
the most severe microstructural deterioration,
characterized by the greatest Th.Sp and the
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Figure 7. Forest plot of mean differences between ROD subtypes and non-ROD group. Forest plot of mean differenc-
es between each ROD subtype and the non-ROD group. A. Biochemical markers: iPTH, serum calcium, serum phos-
phorus, ALP, and vitamin D. B. CT bone microstructural parameters: vBMD, BV/TV, Tb.Th, Tb.Sp, Tb.N, and Ct.Th.
Mean differences with 95% confidence intervals are shown. A positive mean difference indicates higher values in
the ROD subtype compared with the non-ROD group, whereas a negative mean difference indicates lower values.
P-values were derived from post-hoc pairwise comparisons following one-way ANOVA. Abbreviations: ROD, Renal Os-
teodystrophy; iPTH, intact parathyroid hormone; ALP, alkaline phosphatase; vBMD, volumetric bone mineral density;
BV/TV, bone volume fraction; Th.Th, trabecular thickness; Tb.Sp, trabecular separation; Tb.N, trabecular number;

Ct.Th, cortical thickness; SD, standard deviation; Cl, confidence intervals; ANOVA, analysis of variance.

lowest BV/TV, trabecular number (Tb.N), and
volumetric bone mineral density (vBMD). This
observation is highly consistent with the under-
lying pathophysiology: persistent high levels of
PTH stimulate excessive osteoclastic activity,
leading to accelerated bone resorption, thin-
ning and fracturing of trabeculae, increased
inter-trabecular spacing, and severe bone loss
[20, 21]. Notably, patients with low-turnover
ROD showed relatively milder microstructural
impairment, with lower Tb.Sp and higher BV/TV
and vBMD compared to the high-turnover
group. This may reflect a state of suppressed
bone remodeling where both resorption and
formation are low, resulting in a relatively “qui-
escent” bone structure that has not undergone
the severe destructive process characteristic
of high-turnover disease [22, 23]. The parame-
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ters for mixed-type ROD fell between these two
extremes, reflecting the complexity of its patho-
logical changes. These findings confirm that
quantitative CT microstructural analysis can
non-invasively reflect the distinct histological
patterns underlying different ROD subtypes,
serving as a powerful complement to tradition-
al biochemical classification.

In our study, Th.Sp exhibited the highest dis-
criminative ability for diagnosing ROD (AUC =
0.902). Th.Sp intuitively reflects the sparse-
ness of the trabecular network and is a key
microstructural determinant of decreased bone
strength and increased fracture risk [24]. Its
superior diagnostic performance suggests that
the “qualitative change” in bone structure (e.g.,
loss of trabecular connectivity) may be as

Am J Transl Res 2026;18(5):4356-4372
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important as, or even more critical than, the
“quantitative change” (e.g., decline in bone
density) when evaluating bone disease in ure-
mic patients. This finding is consistent with
studies using high-resolution peripheral quanti-
tative CT (HR-pQCT) in ROD patients, which
have also confirmed that trabecular structural
parameters are important indicators for distin-
guishing bone turnover states [25-27]. The
innovation of our study lies in successfully
applying this concept to the more widely avail-
able routine LDCT and establishing a specific
diagnostic threshold (0.84 mm) through ROC
analysis, thereby providing a concrete refer-
ence for clinical translation. Furthermore, BV/
TV and vBMD also demonstrated good diagnos-
tic value, further supporting the necessity of
a comprehensive assessment combining both
bone quantity and quality.
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Correlation analysis revealed biologically plau-
sible links between CT parameters and bio-
chemical markers. iPTH, ALP, and serum phos-
phorus showed positive correlations with Th.Sp
and negative correlations with BV/TV and
vBMD. This association reinforces a central
concept: biochemical markers reflecting high
bone turnover are closely linked to imaging
manifestations of deteriorating bone architec-
ture. This provides a rationale for using readily
available biochemical tests to preliminarily
gauge the extent of underlying structural bone
damage in clinical practice [28, 29]. However, it
is important to note that these correlations
were only moderate, indicating that biochemi-
cal markers cannot fully substitute for direct
assessment of bone structure. Discrepancies
between biochemical profiles and histological/
radiological findings may exist in some patients;
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in such cases, CT quantitative analysis may
offer more direct and accurate information [30,
31].

Compared with traditional dual-energy X-ray
absorptiometry (DXA), LDCT not only assesses
bone mineral density (vBMD) but also provides
key information on bone microstructure (e.g.,
Tb.Sp), whereas DXA cannot distinguish be-
tween microstructural changes in trabecular
and cortical bone. Compared to high-resolution
peripheral quantitative computed tomography
(HR-pQCT), although HR-pQCT offers superior
capabilities in assessing peripheral bone
microstructure, it suffers from low equipment
availability and limited scanning sites. The
LDCT used in this study is a widely adopted
imaging modality in the follow-up of patients
with uremia. It provides “one-stop” information
on lumbar spine bone microstructure without
requiring additional radiation exposure or
costs, offering unique advantages in terms of
clinical accessibility and cost-effectiveness.

The diagnostic model combining iPTH and BV/
TV demonstrated an AUC (0.888) superior to
either individual parameter. This highlights
the advantage of multimodal data integration:
iPTH provides a systemic biochemical signal of
bone metabolic activity, whereas BV/TV offers
structural information on vertebral bone mass.
Together, they capture both functional abnor-
malities and structural consequences, theoreti-
cally enhancing the comprehensiveness and
robustness of the diagnosis. This suggests
that future development of automated diagnos-
tic tools should consider fusing clinical and
imaging data.

The findings of this study carry significant clini-
cal utility. For long-term dialysis patients, rou-
tine LDCT scans - already performed for ass-
essing vascular calcification or other com-
plications - can be “repurposed” to simultane-
ously evaluate lumbar vertebral status. This
approach requires no additional scanning,
incurs no incremental radiation burden, is non-
invasive, and highly cost-effective. It holds
promise as a screening or adjunctive diagno-
stic tool in clinical practice, aiding in the identi-
fication of high-risk patients with severe micro-
structural deterioration, thereby guiding more
aggressive interventions (e.g., adjustment of
phosphate binders, active vitamin D, or calcimi-
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metics) and potentially monitoring treatment
response.

It is worth noting that this study found that the
bone volume fraction (BV/TV) was significantly
negatively correlated with coronary artery calci-
fication (CAC), which is consistent with the
emerging research concept of the bone-vascu-
lar axis in chronic kidney disease (CKD). This
result suggests that common pathological driv-
ing factors such as chronic inflammation, oxi-
dative stress, and imbalance of the RANKL/
RANK/OPG pathway may simultaneously pro-
mote bone resorption and vascular calcifica-
tion. Although this study was of a cross-sec-
tional design and could not infer causality, the
data preliminarily confirm that low-dose spiral
CT (LDCT) can simultaneously assess bone fra-
gility and cardiovascular risk, and has unique
advantages compared to traditional bone den-
sity testing.

This study does have several limitations. First,
as a single-center retrospective analysis, it
inevitably involves selection bias and has a lim-
ited sample size; therefore, its external validity
requires further validation through multicenter
prospective studies. Second, the most signifi-
cant limitation lies in the fact that the diagnosis
and subtyping of renal osteodystrophy (ROD)
were based on clinical and biochemical indica-
tors rather than bone biopsy, the gold standard.
This may lead to a certain degree of misclassi-
fication and selection bias [32, 33]. However,
addressing this gap - namely, identifying the
optimal non-invasive alternative when biopsy is
not feasible - is precisely the clinical challenge
this study aims to resolve. Third, the CT mea-
surements in this study were based on two-
dimensional region-of-interest (ROI) analysis
rather than true three-dimensional morphologi-
cal assessment, which may have limited mea-
surement precision to some extent compared
with high-resolution peripheral quantitative
computed tomography (HR-pQCT) [34]. Fur-
thermore, future studies could explore Al-bas-
ed whole-vertebra segmentation and three-
dimensional parameter extraction techniques
to further improve analytical efficiency and
accuracy. No significant correlation was ob-
served between the CT microscopic structural
parameters and the existing fragility fractures.
This might be due to the limited sample size of
fracture events in this cross-sectional cohort.
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Moreover, the fracture risk of uremic patients
is influenced by multiple factors such as falls
and neuromuscular function impairment. Fu-
ture prospective studies are still needed to ver-
ify the predictive value of these parameters for
new fractures.

Conclusion

This study confirms that quantitative analysis
of lumbar spine microstructure using low-dose
CT (LDCT) images - which are already part
of routine examinations for patients with ure-
mia - is a non-invasive assessment tool with
promising clinical applications. This method
can effectively distinguish between different
subtypes of renal osteodystrophy (ROD), with
trabecular bone separation (Th.Sp) demon-
strating the highest diagnostic performance.
Significant correlations were observed be-
tween CT microstructural parameters and key
serum biochemical markers (such as iPTH and
ALP), and a model combining imaging parame-
ters (BV/TV) with biochemical markers (iPTH)
further improved diagnostic accuracy. This
study provides empirical evidence for the non-
invasive and convenient assessment of ROD
using widely accessible LDCT, which aids in the
early identification of high-risk patients and
guides personalized treatment in clinical prac-
tice, while avoiding the limitations of invasive
bone biopsy. Based on these findings, we pro-
pose the following clinical recommendations:
For patients on long-term dialysis, quantitative
analysis of lumbar spine microstructure can be
performed concurrently with routine LDCT ex-
aminations (e.g., for assessing vascular calcifi-
cation). If Th.Sp >0.84 mm or BV/TV <16.5%,
indicating a high risk of ROD, further stratifica-
tion should be conducted in conjunction with
biochemical markers such as iPTH to guide
adjustments to treatment regimens, including
active vitamin D or phosphate binders. Future
multicenter prospective studies and the devel-
opment of automated analysis workflows are
needed to further validate the reliability of this
method and its predictive value for clinical hard
endpoints such as fractures, as well as to
explore its potential applications in the dynam-
ic monitoring of treatment.
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Supplementary Table 1. Inter-observer consistency of CT bone microstructure parameters

Parameter ICC (95% Cl) F-value P-value
Volumetric BMD (HU) 0.884 (0.844-0.914) 16.249 <0.001
Bone volume fraction (%) 0.868 (0.823-0.902) 14.134 <0.001
Trabecular thickness (mm) 0.883 (0.842-0.913) 16.061 <0.001
Trabecular separation (mm) 0.881 (0.841-0.912) 15.857 <0.001
Trabecular number (1/mm) 0.854 (0.805-0.892) 12.713 <0.001
Cortical thickness (mm) 0.846 (0.794-0.885) 11.957 <0.001

Abbreviations: ICC, intraclass correlation coefficient; Cl, confidence interval; BMD, bone mineral density; HU, Hounsfield Units;
BV/TV, bone volume fraction; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; Th.N, trabecular number; Ct.Th, corti-
cal thickness.



