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New vertebral compression fractures (NVCF) following
percutaneous vertebroplasty (PVP) remain a clinical chal-
lenge. Methods. A retrospective cohort study (2023-2025)
was conducted at the Institute of Spine and Joint Pathology,
Ukraine, involving 26 patients (24 females, 2 males;, mean age
(69.04 + 2.04) years) with osteoporotic vertebral compres-
sion fractures treated with PVP. Morphometric parameters
of 99 vertebrae were assessed on digital radiographs (fron-
tal/sagittal, RadiAnt DICOM Viewer, precision 0.1 mm / 0.1°):
anterior (h,), middle (h,), posterior (h,) heights, relative com-
pression (%), wedge index, local kyphotic angle, thoracic ky-
phosis, lumbar lordosis, and scoliosis. Results. NVCF occurred
in 46.2 % of cases (45 fractures in 12 patients). Significant dif-
ferences between NVCF and non-NVCF groups were observed
for ha compression (20.69 + 1.16 mm vs. 23.89 + 0.78 mm,
p =0.0338), h,, (17.84 = 1 mm vs. 21.31 £ 0.61 mm, p = 0.0021),
h, (26.97 + 0.81 mm vs. 29.61 + 0.5]1 mm, p = 0.0073), lumbar
lordosis (44,4° £ 1,52° vs. 38.28° + 1.46° p = 0.01), and sco-
liosis (7.53° £ 0.56° vs. 5.90° £ 0.48°, p = 0.022). The linear
discriminant functions model, based on h,, (canonical correla-
tion = —0.863) and relative H, compression (canonical correla-
tion = 0.139), achieved Wilks’ A = 0.8 (y>= 15.77, p = 0.000376),
classification accuracy of 76.25 % (sensitivity 76.9 %, spec-
ificity 75.9 %), and AUC = 0,754 + 0,058. Adjusted function:
F=6,07-0,28%h,, (mm)—0,035xH, (%); F > 0 indicates NVCF
risk. Other parameters were excluded due to low discrimina-
tory power or collinearity. Conclusion. This two-parameter
model, using hm and relative Ha compression, offers moder-
ate predictive accuracy for NVCF post-PVP. Its simplicity suits
resource-limited Ukrainian clinics. External validation and in-
clusion of confounders (e. g, BMD, therapy) are required for
broader adoption.

Hogi xomnpecitini nepeaomu xpeoyie (HKIIX) nicia nynxyitinoi
sepmebponnacmuxu (IIBII) € cepiio3noio npobremoro eepme6-
poaoeii. Memoou. ¥V pempocnexmugne xocopmme 00CaiodcenHs
(2022-2023 p.) sxaroueno 26 nayienmis (24 ocinku, 2 uwonogixu,
cepedHitl ik (69,04 £ 2,04) poxu) 3 ocmeonopomuuHuMu KOMnN-
pecitunumu neperomamu xpebdyis, skum euxonyeanacs IIBII.
Busueno mopghomempuuni napamempu 99 xpebyis na yugpo-
8UX penmeeHozpamax: eucomu h, (nepeowns), h, (cepeous), h,
(3aons), sionocna xomnpecia H,, H,, H, (%), IK, noxkanvnuii xi-
Gomuunuir Kym, epyonuil Kighos, nonepexkosuii 10pA03, CKOLI03.
Pesynemamu. Yacmoma HKIIX cxnana 46,2 % (45 nepenomis
y 12 nayienmis). 3nauywi siominnocmi miswc epynamu 3/6e3 HKIIX
susgneno oasa eucomu h, (20,69 £ 1,16 npomu (23,89 + 0,78) mm,
p =0,0338), h,, (17,84 £ 1 npomu (21,31 £ 0,61) mm, p = 0,0021),
h, (26,97 + 0,81 npomu (29,61 + 0,51) mm, p = 0,0073), nonepe-
K08020 10p003y (44,4° £ 1,52° npomu 38,28° + 1,46° p = 0,01)
ma ckoniosy (7,53° + 0,56° npomu 5,90° + 0,48° p = 0,022).
Juckpuminanmua mooenn, sika 6azyemvcs Ha h, (KAHOHIYHA KO-
penayis =—0,863) ma sionocHiti komnpecii H, (kanoniuna kope-
nayia = 0,139), mana A YVinkca = 0,8 (x? = 15,77, p = 0,000376),
moynicmy Kaacugixayii 76,25 % (uymausicmo 76,9 %, cne-
yughiunicmo 75,9 %), AUC = 0,754 + 0,058. Cnpowena ¢ynx-
yisa: F = 6,07-0,28%h,, (mm)—0,035%H, (%), F > 0 ceiouumso
npo pusux HKIIX. Inwi napamempu 6ukiioueno yepes HU3bKy
OucKpuminayiuny yinnicms abo KoaineapHicmv. Pozpobaeno
6e6 3acmocynox Ona npoerosyeanus HKIIX. Buchosxu.
Jeonapamempuurna mooenv Ha ocHosi sucomu h, ma 8ioHOC-
Hol komnpecii H, 3a6e3neuye nomiphy npoeHOCmMuYHy MOYHICMb
ons eusenenus pusuxy HKIIX nicnsa IIBII. Ilpocmoma mooeni
Ppobumb it npudamuoio 051 KAIHIK i3 00MeNCeHUMU PeCyPCamu.
s enposadoicennss nompiona 308HiuHA 8anioayis ma epaxy-
8AHHS 000AMKOBUX YUHHUKIE (MIHEPATbHA WITbHICMb KICMKOBOT
mxanunu, mepanis). Knouosi crosa. Ilynxyitina sepmeodponnac-
MuKd, HO8i KOMNPeCiliHi nepeiomi, peHmeeHomMoppomempis,
OUCKPUMIHAHMHUL AHAI3, OCTNEONOPO3.
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Introduction

Percutaneous vertebroplasty (PVP) is the gold
standard for minimally invasive treatment of osteo-
porotic vertebral compression fractures (VCFs), pro-
viding rapid pain relief, stabilization of the affected
segment, and early restoration of functional activity
in patients [1]. According to data from the U.S. and
European registries, more than 300,000 PVP proce-
dures are performed annually, with clinical effective-
ness reaching 85-95% in the short term [2, 3].

However, the long-term outcomes of PVP are
complicated by the development of new compression
fractures (NCFs), which poses a significant clinical
problem in modern vertebrology. Recent data from
2024-2025 shows that the frequency of symptomatic
re-interventions after PVP ranges from 14.6 % to
22.2 % within 1-2 years of follow-up [4, 5]. A large
cohort study of over 30,000 patients demonstrated
that 15.5 % of cases required re-intervention within
24 months after the primary PVP procedure [4].

Radiomorphometric analysis remains the foun-
dational method for assessing radiomorphomet-
ric parameters (RMP) of vertebrae and the degree
of compression. Classical parameters proposed by
H.K. Genant et al. include absolute and relative com-
pression, wedge index, and the ratio of the anterior
and posterior heights of the vertebrae [5]. The advan-
tages of this approach include accessibility for hos-
pitals with limited resources and the standardization
of measurements [6].

Modern automated morphometric' analysis sys-
tems based on artificial intelligence allow for the gen-
eralization of measurements and reduce inter-op-
erator variability to less than 5% [7]. Y. Yang and
colleagues demonstrated that MRI texture analysis
combined with morphometric parameters achieves an
AUC = 0.80 for predicting the risk of fractures in pa-
tients with osteoporosis [8].

Multivariate discriminant analysis (MDA) is
a classical statistical method for classification and
prediction, widely used in medical research. Unlike
complex machine learning algorithms, it provides
transparency in mathematical calculations and ease
of interpretation of results [9]. This method is espe-
cially effective when working with small samples and
a limited number of parameters, making it useful in
clinical practice [10].

Despite progress in the development of prognos-
tic'models for NCFs, most existing approaches are
complex and require significant resources for imple-
mentation. It is important to note that there is little in-
formation regarding research on Ukrainian patients.

The development of a simple yet effective pre-
dictive model based on RMP that can be easily in-
tegrated into routine clinical practice in Ukrainian
medical institutions is a relevant task.

Purpose. To identify the prognostic radiomorpho-
metric parameters of vertebrae after percutaneous
vertebroplasty that may be associated with the risk
of developing new vertebral compression fractures
and to develop a model for predicting these fractures.

Materials and methods

The study was reviewed and approved by the Eth-
ics and Deontology Committee of the Profes-
sor M: I. Sytenko Institute of Spine and Joint Pathol-
ogy ‘of the National Academy of Medical Sciences
of Ukraine (protocol No. 260 dated 23.02.2026). All
patients provided written consent for examination,
treatment, and the use of medical data for scientific
research.

This was a retrospective cohort study conducted
at the Vertebrology Department of the Profes-
sor M. L. Sytenko Institute of Spine and Joint Pathol-
ogy of the National Academy of Medical Sciences
of Ukraine, from 2022 to 2023. The sample size
consisted of 26 patients (24 women, 2 men; mean
age (69.04 £ 2.04) years, range 46—85) who under-
went PVP due to VCFs as a result of osteoporosis.
The diagnosis of “osteoporosis” was confirmed using
dual-energy X-ray absorptiometry on the bone den-
sitometer Explorer QDR W. The average follow-up
period was 12 months, with NCFs diagnosed during
follow-up visits at 1, 3, 6, and 12 months after PVP.
In the studied cohort, 12 (46.2 + 9.8) % of cases were
verified with a total of 45 NCFs in the thoracic and
lumbar regions of the spine.

Radiomorphometric =~ parameters  (RMP)
of 99 treated vertebrae in the thoracic and lumbar
spine were studied. Inclusion criteria: patients who
underwent PVP for VCFs due to osteoporosis. Ex-
clusion criteria: PVP due to malignant or traumatic
fractures.

In a previous publication, we established that low
bone mineral density (BMD), lack of anti-osteopo-
rotic therapy, and advanced age increased the risk
of developing NCFs by two times, and cement leak-
age almost tripled the risk [11]. Given this, these fac-
tors were not included in the study.

Radiomorphometric study

The analysis of RMP was based on digital radio-
graphs of the thoracic and lumbar spine obtained in
two standard projections: frontal and sagittal. Ra-
diographs were taken in a standing position (or lying
down for patients with limited mobility). Radiographs
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were obtained at three stages: before PVP, immedi-
ately after the procedure, and during follow-up visits
(1, 3, 6, and 12 months). Only radiographs after PVP
were included in the analysis. The image resolution
met clinical standards (0.1-0.2 mm/pixel), ensuring
the accuracy of measurements.

Image quality criteria: clear visualization
of the endplate contours; symmetrical depiction
of spinous processes (deviation < 5 mm); absence
of rib overlap artifacts on vertebral bodies and motion
artifacts; contrast allowing differentiation of cortical
and trabecular bone structures.

RMP measurements were performed using Radi-
Ant DICOM Viewer software (version 2023.1), which
allowed for linear and angular measurements with an
accuracy of up to 0.1 mm and 0.1°. Below is a detailed
description of the measured parameters.

Vertebral height (h,, h,,, h,). Measurements were
performed on both the vertebrae after PVP and the in-
tact ones. The latter were used as reference values for
calculating the percentage of compression according
to the method of H. K. Genant et al., which allowed
standardization of measurements across patients [5].

The upper and lower endplates of the vertebra
were identified on the sagittal radiograph. Heights
were measured as vertical distances between the cor-
responding points:

— h, (anterior height) — from the anterior edge
of the cranial endplate to the anterior edge of the cau-
dal endplate;

— h,, (middle height) — in the middle of the verte-
bra (medial part);

— h, (posterior height) — from the posterior
edge of the cranial endplate to the posterior edge
of the caudal endplate.

To normalize the height, it was compared with
the corresponding values of the neighboring intact
vertebra.

Relative compression (%) was determined as
the percentage of height loss relative to the reference.

Ha[: %) _ (Pla;cyci,:pburu}_ hﬂ;}vaDrJ;ECEHDFD}) % 100, (1)

ha{cyci,mauru}

For example, the relative compression of ha was cal-
culated using the formula (1):
where h,(neighboring) — anterior height of the intact
vertebra body (mm); h,(injured) — anterior height
of the vertebral body after PVP (mm).

Similarly, the percentage of relative compression
was determined for H,, and H,.

Wedge index (WI) (%). To determine the wedge
shape of the vertebrae, radiographs in the sagittal

i
IK = h—: %X 100. Q)

projection were used. The height ha and hp were mea-
sured. The WI was calculated using the formula (2):

The results are expressed as percentages, where
WI < 80 % indicates a wedge-shaped deformation.

The local kyphotic angle was measured as
the Cobb angle formed between the line perpendic-
ular to the cranial endplate of the neighboring proxi-
mal vertebra and the line perpendicular to the caudal
endplate of the neighboring distal vertebra on the sa-
gittal radiograph.

Thoracic kyphosis was evaluated as the Cobb an-
gle between the cranial endplate of Ty, and the caudal
endplate of Tx;; on the sagittal projection.

Lumbar lordosis was measured between the cra-
nial endplate of L; and the caudal endplate of L.

Scoliosis was defined as the Cobb angle between
the perpendicular lines to the cranial and caudal end-
plates of the most tilted vertebrae in the curve on
the frontal projection.

Statistical data analysis was performed using the
Statistica 13 software. The Shapiro-Wilk test was used
to check the normality of the distribution of the vari-
ables. For paired comparisons of groups, depending
on the presence of a new fracture, the Mann-Whitney
non-parametric test was applied. Differences were
considered statistically significant at a significance
level of p < 0.05.

DA was employed in the development of a math-
ematical model for predicting NCFs. The quality
of the constructed model was evaluated using ROC
analysis through the web tool easyROC 1.3.1.

For the practical application of the developed NCF
prediction model, a web application “Fracture Risk
Calculator” has been created. The application is im-
plemented using HTML, CSS, and JavaScript tech-
nologies and is available as a standalone web page,
which can be integrated into medical institutions' sys-
tems. The user interface includes fields for entering
values of hm and Ha, a button to calculate, and a sec-
tion to display the results.

Results

The study of the distribution law of indicators
using the Shapiro-Wilk test showed that only half
of them were correct. Since the most clinically sig-
nificant data, such as WI, as well as h,, h,,, and h,,
had a normal distribution, for descriptive statistics, in
addition to medians (Me) and interquartile intervals
([LQ; UQ]), mean values (M) and standard errors
of the means (m) were also used (Table 1).
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Statistically significant differences between
groups were observed only for the vertebral height
indicators, which were higher in the group without
NCEF, and for the Cobb angles, which were used to
assess scoliosis and lumbar lordosis. In patients with
NCEF, significantly higher angles of scoliosis and lum-
bar lordosis were recorded compared to those without
NCEF (Table 1, Figure 1).

During the construction of the NCF prediction
model, RMP data after PVP for 80 observations were
considered. The development of the NCF prediction

model was carried out using DA. Since there were
only two groups in the data (NCF present/absent), DA
was reduced to obtaining a single discriminant func-
tion (DF) and two classification functions (CF).

All 12 indicators after PVP were selected for anal-
ysis. Then, through stepwise removal (Backward
stepwise), only significant indicators for classification
were retained. As a result, only two values — verte-
bral height h,, and relative compression H,— showed
a statistically significant contribution to classify-
ing the groups with or without NCF. The remaining

Table 1
Descriptive statistics for the compared groups with and without new compression fractures
Indicator NCFs P
(Mann-Whitney
absent present test)
n Me M=£m n Me M=£m
[LQ; UQ] [LQ; UQ]
1 2 3 4 5 6 7 8
67.5 74.0
Age, years 14 [59.0; 76.0] 67.7+3.2 12 [63.0:78.5] 70.60 +2.50 0.462000
. . 52.50 45.00
Thoracic kyphosis, degrees 21 [26.20: 64.00] 44.62+5.01 | 21 [44.90:56.00] 50.00 £ 3.02 0.900980
. 38.70 43.00
%
Lumbar lordosis, degrees 33 [34.90: 43.20] 38.28+1.46 | 40 [40.00:45.30] 444+ 1.52 0.009467
*Scoliosis, degrees 5.50 7.50
(all data) 9| o0 740 | S90E0A8 41| s G0 | 7532056 | 00219400
L 5.30 7,00
— thoracic spine, 21 [4.00; 6.00] 549+0.60 | 23 [4.50:8.60] 6.69 +0.71 0.111589
— lumbar spine, 5.75 9.10
28 2.80; 8.40] 6.21 +£0.70 18 [5.60:12.70] 8.61 £ 0.85 0.073117
Local kyphotic angle, degrees 14.30 18.35
(all data) 53 [8.90: 20.70] 1471 £1.07 | 17 [8.80:26.80] 18.00 + 1.74 0.156685
S 16.20 20.50
— *thoracic spine, 22 [7.90: 19.30] 15.69+1.76 | 22 [13.80:27.10] 20.75 £ 1.86 0.035627
— lumbar spine, 13.60 12.25
31 [8.90: 20.70] 14.02+1.35 | 18 [3.40:25.90] 14.66 + 3.01 0.787415
Wedge index, % 81.5 75.0
(all data) 54 [69.0; 93.0] 80.5+2.18 | 41 [62.0:90.0] 7498 £3.15 0.155460
N 79.0 72.0
— thoracic spine, 22 [67.0: 85.0] 76.55+3.08 | 23 [59.0:79.0] 69.00 + 0.04 0.059404
— lumbar spine, 86.0 86.0
32 [69.5: 96.5] 83.22+295 | 18 [72.0:97.0] 82.61 £0.045 0.935539
*Height h,, mm 24.75 20.60
(all data) 54 [19.00; 28.10] 23.89+0.78 | 41 [16.50:25.90] 20.69 + 1.16 0.033767
Y & 21.30 17.70
— *h, (thoracic spine), 22 [17.90; 24.10] 21.00+1.03 | 23 [15.30:22.00] 17.31 + 1.19 0.030085
—h, (lumbar spine), 27.20 26.10
32 [20.75; 29.85] 25.87+098 | 18 [19.80:30.70] 25.01 £1.72 0.959696
*Height hy,, mm 21.35 17.90
(all data) 54 [17.90; 24.50] 21.31+0.61 | 41 [13.80:21.40] 17.84 £ 0.99 0.002063
D . 18.50 17.40
—h,, (thoracic spine), 22 [17.30; 21.60] 1897+0.87 | 23 [13.30:19.10] 15.67 +0.99 0.035650
— h,, (lumbar spine), 22.65 20.80
32 [20.35:25.35] 2292+0.71 | 18 [15.20:25.20] 20.62 + 1.67 0.959696
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Continuation of table 1

1 2 3 4 5 6 7 8
;Pl'f(ilgalt’;)hp’ mm 54 ?207':5600; a0 | 20612051 | 41 f2737.80;30. 60] | 2697+081 | 0.007302
_ h, (thoracic spine), 2 %2%1.2600; 2900] | 2733+070 | 23 f;ig%;zg. oo | 24774105 | 0044426
—h, (lumbar spine), 32 ?3165.35; 15y | 31175058 | 18 ?20;_)1(:);31.301 20784093 | 0101509
gj’llaggzz)compreSSiO” Ha, % 54 [1;‘ 33; gy | 146+234/ 28 ?"665‘!3 sag) | 2618555 | 0275572
_ H, (thoracic spine), 2 [62'?167; 275 | 1159369 | 20 %2:;29.09] 22384610 | 0186093
— Ha (lumbar spine), 32 [1151':5049; s0s) | 21495285 | 8 %136.94?3; sa75) |3567+1200| 0576908
éj’llaggzz)compreSSiO” Hn, % 54 ?2()6(.)53; 43z | 3091196 | 28 ?255784; sos4 | 4072452 | 010574
_ H, (thoracic spine), 2 61586;55 4417 | 2056+348/] 20 ?24;53; Jo6) | 3740+504 | 0137297
—Ha (lumbar spine), 3 3‘5‘:85; sw0s0 | B2E225) 8 ?2“5?712; 63.16) | 4903948 | 0170852
éj’llaggzz)compreSSiO” Hy, % 54 [95778; 164z | 11754126 | 28 Eé(.);7;17.28] 16.65+4.86 | 0.567286
_H, (thoracic spine), 22 | 6497 705+ 144 | 20 {491 11984494 | 0969866
[2.11; 9.60] [2.35:13.86]
—H, (lumbar spine), 3 [1751728 2027 | 14994168 |8 67922953 515 |2830=1120] 0370213

Notes: n — number of observations (age data, vertebral fractures'in relation to other indicators); * — statistically
significant differences between groups depending on the presence of NCFs.

indicators were excluded from the model due to in-
sufficient discriminatory ability, which may be
caused, for example, by either the lack of significant
variability of the indicator between groups or a high
level of correlation with other variables.

When evaluating the statistical significance
of the obtained DF using the approximation of the dis-
tribution by the y* function from the Wilks' A-statis-
tic, a p-value of 0.000376 was obtained for A = 0.8
and y>= 15.77, indicating its significance.

The contribution of each of the two indicators to
the classification can be judged by the magnitude
of the factor structure coefficients (Table 2): the larg-
est is hm, with a canonical correlation between the in-
dicator'and DF of —0.863.

For classifying observations into groups (NCF
present/absent after PVP), the following CFs were
obtained:

Fapem = -23.22 + 1.83 x h,, + 0.32 x H,, 3)
Fpresent = —17.05 + 155 x h,, + 0.28 x H,. @)

According to the classical scheme of using DA
models, observations are assigned to the group for

which the larger value of CF is obtained. However, in
the case of only two classes, it is obviously more ap-
propriate to consider the difference between the two
CFs.

In our case:

AF = F,pegen — Fupsens =6.17—0.28 x hy,—0.035 x H,.  (5)

If AF is greater than 0, a new compression fracture
is likely to occur; if AF is less than 0, it is unlikely
to happen. The results of the posterior classification
(Table 3) indicate a fairly good adequacy of the de-
veloped model, which is also confirmed by the corre-
sponding estimates of the area under its ROC curve:
AUC = 0.754 with a 95 % CI ranging from 0.640 to
0.867 (Figure 2).

The optimal threshold value obtained from
the ROC analysis for the developed model allowed
increasing the overall accuracy of prediction from
73.75 % to 76.25 %, by increasing its specificity (ac-
curacy of determining the absence of a new com-
pression fracture) to 75.9 % (95 % CI from 62.4 to
86.5 %), without changing the sufficiently high sensi-
tivity, which remained at 76.9 % with a 95 % CI from
56.4 to 91.0 % (Figure 2). Therefore, the formula for
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Fig. 1. Box plots of some indicators after PVP (NCF)

Table 2
Factor structure coefficients
for the built discriminant analysis model
of predicting NCFs

Canonical correlation
between the indicator and DF

—0.863
0.139

Indicator

Height h,,,, MM

Relative compression H,, %

predicting a new compression fracture, adjusted for
the optimal cutoff threshold, looks as follows:

AF =6.07—0.28 x h,, —0.035 x H,. 6).

As before, the absence of an NCPF corresponds to
AF <0, and its presence corresponds to AF > 0.

Since in-our study only two groups were clas-
sified using two explanatory variables, it is quite
easy to visualize the discrimination of observations
on a two-dimensional scatter plot (Figure 3), where
the line corresponds to the discriminant function.

The developed web application “Fracture Risk
Calculator” successfully implements the discrimi-
nant model for predicting NCPF using the RMPs h,,

and H, (Figure 4). Testing the application on a sam-
ple of 80 observations showed that it correctly repro-
duces the results of the discriminant analysis, provid-
ing a classification accuracy of 76.25 %. A AF > 0
indicates the risk of NCPF, while AF < 0 indicates its
absence.

Discussion

This study is the first attempt to develop a pre-
dictive model for the risk of NCPF after PVF in
the Ukrainian population based on RMPs. The ob-
tained results demonstrate both the potential and
the limitations of the simplified two-parameter ap-
proach to predicting NCPF.

Within the conducted analysis, statistically sig-
nificant differences in the RMPs of vertebrae after
PVF were found between patients with and without
the development of NCPF. At the same time, it is
crucial to emphasize that morphometric character-
istics are not the direct cause of new compression
fractures of the vertebrae; they reflect the systemic
properties of the bone tissue and the biomechanical
state of the spine, which determine the individual risk
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Table 3
Posterior classification matrix for the DF model for predicting NCFs
Studies sample Percentage of the correct ( %) Predicted by the model (n)
NCF absent NCF present
NCF absent (n = 54) 72.20 39 15
NCF present (n = 26) 76.90 6 20
Total (n=80) 73.75 47 33
Table 1. Cut-off Results
ROC-Curve I S, S
- Optimal cut-off method : MaxSpSe
- Optimal cut-off point : @.09934667
Optimal critericn : 9.7592593
B 0 | e e e e e e e e e e e e e e e
2 -
7 & Table 2. Perfor@Bnce Meazures
2 ..................................................................................
& 2 Value Lower Limit Upper Limit
= Sensitivigy 8.765 @.564 2,918
Specificity B 8 a%9 8.624 8. 865
24 Positife Predictive Value & 8,686 &.447 2.824
T T T T T T z I.n . . -
o0 a2 o v ¥ e Negative Predictive Value : B.872 a.73& 8,913
i Positivellikelihood Ratio : 3.19% 1.503 5.368
1-Specificity z 5
,_a Nggative Likelihood Ratio : .30 8.148 9.623 b
Marker Aauc SE.AUC LowerLimit Wpperkimit () z p-value
modet2 0.7535613 0.05796304 0.6399556 08671667 4.374533 1.216927e-05
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Fig. 2. Results of ROC analysis for the developed DF model for predicting NCF: (a) ROC curve plot; (b) results of determining
the optimal cutoff threshold; (c) area under the ROC curve evaluations.

of new compression fractures. In essence, this con-
cept is analogous to the use of the BMD indicator,
which itself does not “cause” fractures but serves as
a reliable marker of the risk of their occurrence by
reflecting the quality of bone tissue.

This position is supported by numerous experi-
mental and clinical studies.

Thus, H. K. Genant et al. demonstrated a strong
negative correlation between the degree of vertebral
body compression and BMD (r =-0.68; p <0.001) [5].
In turn, S. Boutroy et al. using quantitative computed
tomography showed that in patients with compression
over 40 %, the volumetric density of trabecular bone
is 35 % lower, and the cortical layer porosity is 28 %
higher compared to those with compression less than
25 % [12]. Therefore, pronounced vertebral deformity
is a marker of more severe systemic osteoporosis and
poorer bone quality not only in the affected segment
but also throughout the spine, which pathophysiolog-
ically justifies the increased susceptibility of such pa-
tients to the development of NCPFs.

Beyond systemic factors, local biomechanical al-
terations following PVP are also significant contrib-
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Fig. 3. Scatter plot of the indicators h™ and relative compression
H..

utors. Specifically, J. Luo et al. in a study using finite
element analysis showed that after PVP of vertebrae
with compression over 33 %, the load on adjacent
segments increases by 18—24 %, while with compres-
sion less than 25 %, it increases only by 8—12 % [13].
Clinical observations are consistent with these data.
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Fig. 4. Web application “Fracture Risk
Calculator”: (a) interface; (b) results
of the work

R. Lindsay et al. found that compression over 40 % is
associated with a 92 % increase in the risk of NCPF
within one year, while for compression less than
25-38 %, the increase is 45 % [14]. In a long-term
prospective study by J. A. Cauley et al. (15 years,
n = 9,704), it was shown that the degree of vertebral
deformity is an independent risk factor for NCPF
(HR =2.8; 95 % CI: 1.9-4.2) [15].

The results obtained in our study are consistent
with the above data and suggest that the morpho-
metric parameters hm and Ha can be considered
accessible markers for identifying the risk of NCPF
after PVP in clinical practice. At the same time, it
should be noted that the frequency of NCPF in our
sample (46.2 %) significantly exceeds the values re-
ported in most current publications. A meta-analysis
by A. J. Lainez Ramos-Bossini et al., which included
14 randomized controlled trials (n = 1,413), did not
find a statistically significant increase in the risk
of NCPF after vertebroplasty compared to conser-
vative treatment (RR = 1.05) [16]. However, in the
Optum cohort study of individuals after PVP, the fre-
quency of new interventions was shown.to be 15.5 %
over 24 months of observation [4]. The observed dis-
crepancies are likely due to the specific patient selec-
tion criteria in our study, which is confirmed by pre-
vious data: in a cohort of'520 patients who underwent
PVP, the frequency of NCPF was 12.31 % [17].

The last decade has been characterized by inten-
sive development of predictive models for individ-
ual risk assessment of NCPF. Traditional statistical
approaches include multifactorial regression models
and nomograms. For example; Q. Li et al. proposed
a 12-parameter nomogram that integrates clinical, ra-
diological, and technical variables, with an area under
the ROC curve (AUC) of 0.85 [18]. Y. Qian et al. de-
veloped a simplified 8-parameter model with an AUC
of 0.83, but even such tools remain relatively complex
for routine clinical use [19].

The further development of this direction is linked
to the implementation of artificial intelligence (Al)
and machine learning methods. H. Wu et al. demon-
strated that the support vector machine method pro-

vides the highest accuracy in predicting NCPF af-
ter PVP among the compared algorithms based on
a sample of 863 patients [20]. S. Kim et al. applied
a Vision Transformer-based model for analyzing MRI
images, achieving a statistically significant improve-
ment in AUC compared to classical neural networks
[21]. Y. Yeh et al. demonstrated the high predictive
value of the Vertebral Bone Quality Score (VBQ) as
a predictor of NCPF (AUC = 0.74) [22].

Our model achieved an accuracy of 76.25 %,
which corresponds to moderate discriminatory abil-
ity by the criteria of J. A. Swets [23]. Although these
figures are lower than those of more complex mul-
ti-parameter and Al-based models [20-22], they are
comparable to the results of simpler statistical ap-
proaches presented in the literature.

The key advantage of the proposed model is its
practical applicability. The use of only two variables,
which can be measured using standard radiography,
makes this tool potentially suitable for widespread
implementation, especially in the context of limited
resources in Ukraine's healthcare system.

The statistical significance of the Ha and hm pa-
rameters has a clear biomechanical basis. For exam-
ple, C. Zhou et al., in studies using the finite element
method, showed that vertebrae with an initial com-
pression of the anterior vertebral edge exceeding
25 % have 35-45 % higher stress in adjacent segments
after the introduction of bone cement [24]. The mean
value of Ha in the group of patients with NCPF in our
study (20.64) is consistent with these data. The reduc-
tion in the absolute height of the anterior vertebral
edge (> 17.2 mm) reflects not only the degree of local
compression but also its overall architectural degra-
dation. In this context, it is noteworthy that Y. Yeh
et al. demonstrated the independent prognostic value
of the Vertebral Bone Quality Score, which correlates
with morphometric parameters (MP), regarding the
risk of NCPF [22].

An important point is that a systematic review by
S. R. Namireddy et al. showed that simpler statisti-
cal models often demonstrate better generalizability
compared to complex artificial intelligence algo-
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rithms in the context of external validation [25]. This
emphasizes the appropriateness of developing simple,
interpretable, and reproducible tools for routine clin-
ical practice.

Thus, at the present stage, the proposed model can
be considered a promising auxiliary tool for the pri-
mary assessment of the risk of NCPF after PVP.
However, it requires further refinement and external
validation before being implemented in widespread
clinical practice.

Conclusion

The developed model for predicting new com-
pression fractures of the vertebrae after percutaneous
vertebroplasty is promising and is based on the mor-
phometric parameters of vertebral height (hm) and
relative compression (Ha) after PVP. The model
demonstrates moderate accuracy in posterior clas-
sification (76.25 %) and statistical significance
(p = 0.000376). The application of the model may aid
in the early identification of patients at high risk for
NCPF, allowing for the optimization of preventive

strategies.
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