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Low bone mineral density (BMD) impairs the stability of the bone-screw interface, which leads to screw 
loosening after spinal instrumentation. Quantitative computed tomography (QCT) and dual-energy 
X-ray absorptiometry (DXA) were applied to measure BMD of screw trajectories and other regions of 
the vertebrae in this paper, and the aim was to analyze the best effective tool and BMD of the best 
appropriate vertebral site to predict pedicle screw loosening after lumbar fusion surgery. 186 patients 
who underwent lumbar interbody fusion and pedicle screws placement were analyzed retrospectively. 
Patients were divided into 2 groups according to whether there was screw loosening: fissure is greater 
than or equal to 1 mm around the screws at follow-up CT scans. The volumetric BMD (vBMD) was 
measured by QCT in the central vertebral body, pedicle, and screw trajectory region, and DXA was 
applied for the lumbar spine and hip area BMD (aBMD). The overall pedicle screw loosening rate 
was 33.9% (63/186). Demographic data, health history, and the lumbar aBMD were not significantly 
different between the two groups. Multivariate analysis revealed showed that the hip aBMD, vBMD 
in the central vertebral body, pedicle, and screw trajectory regions were independent risk factors for 
screw loosening. Additionally, Receiver operating characteristic curve revealed the screw trajectory 
vBMD had the greatest area under the curve for predicting screw loosening. The screw trajectory vBMD 
using QCT had a stronger predictive value than the vBMD in other regions of the vertebrae and the hip 
aBMD, and had a more representative bone quality measurement in the bone-screw binding region.
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Pedicle screws are currently the conventional fixation method for the surgical treatment of lumbar diseases, 
which can be effectively applied in three-column spinal fixation to reconstruct lumbar stability and promote 
segmental fusion1. Pedicle screw loosening is one of the most common complications and can lead to persistent 
back pain, fusion failure, and pseudoarthrosis formation2. The strong association between low bone mineral 
density (BMD) and screw loosening was well established. Because bone screw integration is significantly 
reduced in osteoporotic patients, the postoperative screw loosening rate can reach 62.8%3. With the aging of 
the global population, the increasing number of patients with lumbar degenerative diseases are comorbid with 
osteoporosis4. Osteoporosis has been reported in 39.7% of lumbar fusion surgery patients aged over 50 years5. 
The patient’s BMD, therefore, provides important information for selecting the appropriate surgical option 
and predicting clinical outcomes. Dual-energy X-ray absorptiometry (DXA) is the most commonly applied 
bone quality assessment method at present. Lumbar DXA leads to higher BMD measurements than the actual 
data, due to the inability to distinguish the interference of dense calcifications such as degenerated vertebral 
hyperplasia bone, abdominal vascular calcifications, and facet joint hyperplasia, which could result in screw 
loosening, especially in the elderly patients6.

Quantitative computed tomography (QCT) accurately reflects specific bone density in different regions by 
three-dimensional measurement. This approach can avoid the interference of pathological bone formation on 
the results, particularly for patients with degenerative lumbar changes, thus QCT is a more reliable method to 
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assess spinal BMD7. In addition, QCT-based finite element models of the spine allow biomechanical studies 
and have been shown to estimate bone strength more than DXA-based BMD. However, to our knowledge, 
there were few studies have been performed to predict screw loosening by QCT. The International Society for 
Clinical Densitometry recommended that QCT was routinely represented by density information in the central 
region of the cancellous bone of the vertebral body8. Because there are regional differences in BMD within the 
vertebrae, BMD measurements at specific sites may mask differences in the different regions9. Regional bone 
quality analysis showed that the BMD in the area around the screws inside the vertebral body and the pedicle 
region had a greater impact on screw stability than vertebral body BMD9. On the basis of the above studies, the 
aim of our study is to analyze whether the volumetric BMD (vBMD) of pedicle screw trajectories could predict 
screw loosening more accurately than other regions of the vertebrae or other ways for BMD measurement.

Methods
Patients
The study was conducted according to the Declaration of Helsinki (revised 2013) and was approved by the Ethics 
Committee of Honghui Hospital Affiliated with Xi’an Jiaotong University (202005125). We reviewed patients 
with lumbar degenerative diseases who underwent posterior lumbar interbody fusion (PLIF) with pedicle screw 
fixation in our hospital from July 2019 to August 2021. All patients had undergone single level interbody lumbar 
fusion with polyether ether ketone cage packed with autogenous bone. The same type of titanium screws and 
rods were used in all cases, with varying but clinically relevant screw sizes. All patients provided informed 
consent for surgery.

Inclusion criteria: (1) QCT for vertebrae and DXA for lumbar spine and hip were performed within 1 
month before surgery; (2) patients aged over 50 years at the time of surgery were treated within L3-S1; and (3) 
patients were followed up for a minimum of 12 months. Exclusion criteria: (1) Incorrect screw path for the first 
placement; (2) history of lumbar internal fixation surgery; and (3) patients with secondary osteoporosis caused 
by primary or metastatic spinal tumor, lumbar tuberculosis, ankylosing spondylitis, drugs, or other metabolic 
diseases. All patients’ surgeries were planned and performed by the same spine surgical team. Demographic data 
(sex, age, body mass index (BMI)), and health status (diabetes, hypertension, smoking habits) were obtained 
from the hospital information system for further analysis.

Bone quality evaluation
DXA examination using Hologic Discovery model A densitometers (Hologic, Inc., Bedford, MA, USA) was 
conducted prior to surgery to determine the areal BMD (aBMD) of the lumbar spine (L1 to L4 vertebrae) and 
total hip using standard procedures before surgery. The BMD values were recorded in the form of T scores and 
recorded as T1 and T2 respectively (Fig. 1).

For QCT, L5 vertebrae were selected for the vBMD measurement in every patient. QCT image sequences 
were acquired using a computational tomography (CT) scanner (Siemens SOMATOM Definition Flash, Siemens 
Healthcare, Forchheim, Germany) with a QCT system (QCT Pro v5.0, Mindways Software, Inc., Austin, TX, 
USA) and calibrated in advance using a quality control phantom. A standard QCT-corrected phantom was 
placed under the waist during the CT procedure. The scan data was imported to the QCT workstation for 
analysis processing, and oval regions of interest (ROIs) were automatically generated in the cancellous bone 
region in the center of the L5 vertebra body (Fig. 2A). The ROIs of the screws through the pedicle region were 
manually drawn by rotating the axial and sagittal views (Fig. 2B). The ROIs of the pedicle screw trajectory was 
delineated as regions adapted to screw insertion locations, including the vertebral body, pedicle, and articular 
processes (Fig. 2C). Manual correction was performed to avoid cortical bone and areas of osteosclerosis. In this 
study, we defined the conventional QCT measurement area (vertebral body), pedicle area, and screw trajectory 
area as area A, area B, and area C, respectively.

To test measurement reliability, 10 patients from each group were randomly selected, and the QCT values of 
these 20 patients were independently performed at the Honghui Hospital by 2 surgeons (L.D. and C.X).

Screw loosening assessment
The presence of screw loosening was confirmed by CT during the 1-year postoperative follow-up period, and 
screw loosening was defined as the observed width of radiolucent areas is ≥ 1 mm around the pedicle screw 
(Fig. 3). Patients were assigned to the loosening or non-loosening group according to whether screw loosening 
had occurred. 63 patients were included in the loosening group and 123 patients in the non-loosening group.

Statistical analysis
SPSS statistical software, version 20.0 (IBM Corporation, Armonk, NY) was used for all statistical analyses. The 
Shapiro-Wilk test was applied to verify the normal distribution of continuous variables. The intraclass correlation 
coefficient (ICC) was calculated to identify the repeatability of measured continuous variables (ICC ≥ 0.8 
represents excellent reliability). Normally distributed measurement data were presented as mean ± standard 
deviation and analyzed using the t-test. Age was not normally distributed, and Rank-Sum test was used after 
grouping at 10-year intervals. The Mann-Whitney U test was used for those not following normal distribution 
(BMI, A-vBMD, B-vBMD). Quantitative data were analyzed by the chi-square test or Fisher’s exact test. Logistic 
regression analysis was performed for variables reaching a significance level of P < 0.1. Receiver operating 
characteristic (ROC) curves were used to assess the value of predicting loosening, and the area under the curve 
(AUC) was calculated. The Youden index was applied to establish the optimal threshold. P < 0.05 was considered 
to be statistically significant.
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Results
A total of 186 patients (89 males and 97 females) with a mean age of 64.60 ± 9.06 years were included in the 
final analysis. The screw loosening rate within one year after lumbar interbody fusion was 33.9%. There were 
no significant differences between the two groups in age, gender, BMI, smoking, or the presence of diabetes 
or hypertension (P > 0.05) (Table  1). In the preoperative aBMD comparison, the loosening group displayed 
significantly smaller T2 (hip aBMD) values than the control group (P < 0.05), whereas T1 (lumbar aBMD) values 
showed no statistically significant difference (P > 0.05) (Table 1).

Fig. 1.  The aBMD measurements of the lumbar spine (LS1–4) (left) and hip by DXA (right).
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Two surgeons showed high agreement in measuring the A-vBMD (vertebral body), B-vBMD (pedicle area), 
and C-vBMD (screw trajectory area), with ICCs of 0.914, 0.887, and 0.901, respectively. The vBMD values in the 
non-loosening group were significantly higher than those in the screw loosening group, regardless of whether 
the vBMD was measured for the above-mentioned three regions (P < 0.05) (Table 1).

According to the results of univariate analysis, the T2 and vBMD values measured in the three regions with 
statistical differences were included in the logistic regression analysis. Considering the excellent consistency 
between the vBMD measured in these regions, regression analysis of the different vBMD values was performed 
separately. The results showed that T2 and the vBMD measured in the three regions A, B, and C were independent 
risk factors contributing to screw loosening (Table 2).

ROC curve analysis was performed to separately evaluate the predictive value of T2 and the vBMD in different 
regions for screw loosening. The AUC was 0.596 (95% CI, 0.509 to 0.684, P = 0.032) for T2, 0.682 (95% CI, 0.603 
to 0.762, P < 0.001) for A-vBMD, 0.714 (95% CI, 0.636 to 0.791, P < 0.001) for B-vBMD, and 0.736 (95% CI, 0.659 
to 0.812, P < 0.001) for C-vBMD (Table 3). The AUC value of the C-vBMD was the highest, which indicated 
vBMD of screw trajectory area measured by the QCT is a better predictive parameters for screw loosening 
(Fig. 4). The optimal threshold value of the vBMD of the screw trajectory constructed using the Youden index 
was 119.5 for predicting pedicle screw loosening.

Discussion
Loosening of screws has always been one of the key factors affecting internal fixation stability12. The loss of bone 
screw integration will cause poor initial stability after surgery, resulting in cage displacement, subsidence, and 
nonunion, which will adversely affect the prognosis of patients and increase the rate of revision surgery13. Patients 
with osteoporosis were more likely to have postoperative screw loosening than patients with normal bone mass. 
A meta-analysis by Rometsch et al.14 suggested that screw loosening is twice as frequent in osteoporotic patients 
as in normal-bone subjects.

DXA is the gold standard for patients diagnosed with osteoporosis. However, the working principle of DXA 
leads to certain deviations in the assessment of bone quality in degenerative spinal diseases. Zou et al.5reported 
that about one-quarter of patients with a non-osteoporotic lumbar T-score had osteoporosis diagnosed by 
CT scan, suggesting that the diagnosis by lumbar DXA is likely to be a false negative in patients with spinal 

Fig. 3.  Follow-up CT images of patients with postoperative screw loosening showed loosening of pedicle 
screws in the coronal (A), sagittal (B), and axial (C) planes (white arrows).

 

Fig. 2.  ROI drawing for measuring vBMD in different regions of vertebrae by QCT, A: central region of 
vertebrae, B: pedicle region, C: screw trajectory region.

 

Scientific Reports |        (2025) 15:11850 4| https://doi.org/10.1038/s41598-025-91816-0

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


degeneration. Our study showed that there was no significant difference in lumbar spine T values between the 
loosening and non-loosening groups, which was consistent with previous findings15–17. This suggested that 
lumbar spine T scores could not be used as a predictor of risk of pedicle screw fixation failure. Nevertheless, the 
measurement of hip DXA is not affected by lumbar degeneration, it had become a routine addition for BMD 
measurement of DXA. We found that the loosening group had significantly lower hip T scores than the control 
group. However, because the hip BMD can only indirectly reflect the lumbar spine BMD, there are still some 
deviations in estimating the bone mass at the lumbar surgical site.

Cut-off value Sensitivity Specificity AUC 95%CI P

T2 −1.45 0.634 0.571 0.596 0.509 ~ 0.684 0.032

A-vBMD 90.05 0.789 0.492 0.682 0.603 ~ 0.762 < 0.001

B-vBMD 136.00 0.805 0.524 0.714 0.636 ~ 0.791 < 0.001

C-vBMD 119.50 0.724 0.667 0.736 0.659 ~ 0.812 < 0.001

Table 3.  Receiver operating characteristic curve analysis for predicting screw loosening. AUC, the area under 
the curve.

 

OR 95%CI P

T2 0.479 0.269 ~ 0.853 0.012

A-vBMD 1.041 1.021 ~ 1.061 < 0.001

T2 0.273 0.142 ~ 0.527 < 0.001

B-vBMD 1.054 1.034 ~ 1.075 < 0.001

T2 0.178 0.084 ~ 0.379 < 0.001

C-vBMD 1.077 1.050 ~ 1.105 < 0.001

Table 2.  Logistic regression analysis of risk factors associated with screw loosening.

 

Variables
Loosening
(n = 63)

No-Loosening
(n = 123) t/x2/z P

Age(y), n (%) -1.172(z) 0.084

41-50 2(3.2) 5(4.1)

51-60 12(19.0) 44(35.8)

61-70 33(52.4) 46(37.4)

71-80 12(19) 20(16.3)

81-90 4(6.3) 8(6.5)

Gender, n (%) 1.429(x2) 0.232

Male 34(54.0) 55(44.7)

Female 29(46.0) 68(55.3)

BMI 25.60 (22.80,28.20) 26.50 (24.00,28.20) 1.249(z) 0.212

T1 −1.31 ± 1.28 −1.17 ± 1.30 −0.713(t) 0.476

T2 −1.53 ± 1.10 −1.22 ± 0.99 −1.995(t) 0.047

A-vBMD 91.00 (61.00,118.00) 109.00 (92.00,136.00) −4.062(z) < 0.001

B-vBMD 132.00 (98.00,162.00) 162.00 (140.00,186.00) −4.766(z) < 0.001

C-vBMD 107.00 ± 32.16 135.14 ± 32.08 −5.567(t) < 0.001

Smoker, n (%) 0.376(x2) 0.540

No 55(87.3) 111(90.2)

Yes 8(12.7) 12(9.8)

Diabetes, n (%) 1.158(x2) 0.282

No 56(88.9) 102(82.9)

Yes 7(11.1) 21(17.1)

Hypertension n (%) 1.290(x2) 0.256

No 34(54.0) 77(62.6)

Yes 29(46.0) 46(37.4)

Table 1.  Comparison of patient characteristics between the pedicle screw loosening and non-loosening 
groups. BMI = body mass index (kg/m2).
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In recent years, many studies have applied CT to determine the Hounsfield Unit (HU) value to evaluate 
lumbar bone quality. Zou et al.17showed that the HU values of the vertebral body in the screw loosening group 
were significantly lower than those without loosening, and concluded that the HU value could predict pedicle 
screw loosening. Recent studies101115;; showed that the HU measured in the plane of the pedicle screw trajectory 
more accurately predicted screw loosening than the vertebral body HU. This is because the use of the HU 
to assess vertebral bone quality can only be based on two-dimensional planar measurements and cannot be 
analyzed from a three-dimensional perspective, and HU measurements for a single plane may mask differences 
between different regions. In addition, the HU value itself does not fully represent BMD. Currently, QCT can 
readily convert the HU to the three-dimensional vBMD and accurately reflect local bone quality. Kulkarni 
et al.18 recommended that QCT should replace DXA as the gold standard for assessing spinal osteoporosis. 
QCT is routinely applied to measure BMD in the central region of the cancellous bone of the vertebral body, 
considering that there are different regional differences in BMD and strength of the vertebrae. The aim of our 
study was, therefore, to apply QCT to predict screw loosening after lumbar fusion and to compare the predictive 
performance of different QCT measurement regions for pedicle screw loosening. The results showed that the 
screw trajectory vBMD was a better predictor than other regions.

In a cadaveric biomechanical study, Wichmann et al.19found that the BMD in the pedicle screw zone 
correlated better with the axial screw pullout strength than BMD values for the screw trajectory. It should be 
noted, however, that the axial pullout of pedicle screws from vertebral bodies in cadaveric specimens does not 
realistically mimic the stress of pedicle screws inside the human body. By integrating the load cell into the 
internal spinal fixation, it was found that the main load on the screw in vivo is along the craniocaudal direction 
rather than the axial direction20. Song et al.1 further showed by finite element models that the axial pulling force 
is not a risk factor for screw loosening in osteoporotic patients in pedicle screw fixation, and screws are more 
likely to loosen due to loading in the craniocaudal direction. Our study also found that the screw trajectory 
vBMD values displayed a better predictive performance for screw loosening than the pedicle zone vBMD in 
patients after lumbar fusion.

Fig. 4.  Receiver operating characteristic curve analysis for predicting screw loosening.
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The incidence of screw loosening after lumbar fusion in the present study was 33.9%. This was higher than 
that reported in previous studies evaluating screw loosening based on X-ray images (7–30%)21–23. CT scans 
were applied in the present study to determine whether screws were loose. CT has been shown to have higher 
sensitivity and specificity than X-ray and is the best indicator of screw loosening after spinal fusion24. In addition, 
a relatively high proportion of our included patients received fixation of ≥ 3 levels, and the length of fixation was 
also shown to be a risk factor for screw loosening by Li et al.2.

Preoperative assessment of bone quality is important for surgical planning and evaluation of screw failure. 
However, the current preoperative bone quality examination of patients is not ideal. Although the majority of 
patients scheduled for surgery are older, according to Allen et al.25, only 44% of physicians will perform BMD 
testing for patients before performing spinal instrumentation surgery. For patients undergoing lumbar spine 
surgery, CT examination is often one of the necessary steps for preoperative evaluation. Assessment of bone 
quality by QCT allows efficient and convenient utilization of existing CT scans to assess bone quality without 
increasing radiation exposure or financial burden26. To reduce radiation exposure, a single scan ranging from 
three vertebral levels was used in our hospital. We chose to focus on the L5 vertebra given that the area at the 
highest risk of degenerative changes and displaying the most severe conditions thereof in lumbar structures is 
the L4–S1 level.

This study has several limitations. First, this was a single-center retrospective study and did not include 
patients with severe osteoporosis treated intraoperatively with expansion screws or bone cement screws, which 
may have caused some selection bias. Multicenter and prospective studies are needed to verify these results. 
Second, no data were collected on the clinical symptoms of the patients and the impact of screw loosening on 
their daily activities could not be assessed. Third, the follow-up time was relatively short, and a longer follow-up 
time may help to assess the impact of screw loosening on interbody fusion.

Conclusions
This study suggested that the vBMD measured by QCT was a good predictor of the risk of screw loosening after 
lumbar degenerative surgery. In addition, the prediction ability of the screw trajectory vBMD was better than 
those of the vBMD in other regions of the vertebrae and the aBMD in the hip. In conclusion, results of our study 
revealed that the screw trajectory vBMD measured by QCT was a more accurate parameter to assess the BMD 
of the bone-screw binding region and predict pedicle screw loosening.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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