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Purpose: Dual-energy X-ray absorptiometry (DXA) is commonly used for evaluation of bone mineral density before spinal surgery,
but frequently leads to overestimation in degenerative spinal diseases due to osteoproliferation factors. We introduce a novel method to
compare the predictive ability of Hounsfield Units (HU) and DXA methods to predict screw loosening after lumbar interbody fusion
surgery in degenerative spinal diseases by measuring HU of pedicle screw trajectory on computed tomography (CT) images
preoperatively.

Patients and Methods: This retrospective study was conducted on patients who underwent posterior lumbar fusion surgery for
degenerative diseases. CT HUs measurement was performed using medical imaging software, including the cancellous region on
cross-sections of the vertebral body and three-dimensional pedicle screw trajectory. Receiver operating characteristic (ROC) curve
analyses were performed for the risk of pedicle screw loosening in association with the Hounsfield scale and preoperative BMD, and
the area under the curve (AUC) and the cutoff values were calculated.

Results: A total of 90 patients were enrolled and were divided into loosening (n = 33, 36.7%) and non-loosening groups (n = 57,
63.3%). No significant differences in age, gender, length of fixation and preoperative BMD were found between both groups. The
loosening group showed lower CT HU values in the vertebral body and screw trajectory than the non-loosening group. Screw
trajectory HU (ST-HU) exhibited a higher AUC value than vertebral body HU (B-HU). The cutoff values of B-HU and ST-HU were
160 and 110 HUs, respectively.

Conclusion: Three-dimensional pedicle screw trajectory HU values yields a stronger predictive value than vertebral body HU values
and BMD and may provide more guidance for surgery. The risk of screw loosening is significantly increased at ST-HU <110 or B-HU
<160 at Ls segment.

Keywords: osteoporosis, degenerative spinal disease, fixation failure, imaging observation

Introduction

Osteoporosis is widely acknowledged as a significant risk factor for screw loosening after spinal surgery,' > closely related to
gender, age and fixation length. Dual-energy X-ray absorptiometry (DXA) is the gold standard for preoperatively evaluating the
degree of osteoporosis via bone mineral density (BMD) scores.” Preventive techniques against osteoporosis are nowadays
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available, such as pedicle screw bone cement augmentation.” However, BMD is frequently overestimated in degenerative spinal
diseases due to osteoproliferation factors, causing false negatives.>

Computed tomography (CT) assessment of bone quality has been reported in recent years, including Hounsfield units (HU)
measurement and quantitative-CT (QCT).**” HU measures the attenuation of tissue and can focus on evaluating cancellous bone
by region of interest (ROI) and thus avoid the interference of degenerative bone cortex,” while QCT exhibits high precision but

337 while several have

poor clinical feasibility.® Previous studies have reported a fine correlation between HU and BMD values,
demonstrated the ability of the Hounsfield scale to predict screw loosening after spine surgery.™

Most studies that have assessed the Hounsfield scale in spine CT have focused on the measurement of cross-sectional
cancellous bone within the vertebral bodies and pedicles,” >° with no studies conducted from a three-dimensional perspective. In
this study, we introduce a novel method using MIMICS software to compare the predictive ability of CT HUs and DXA methods
to predict screw loosening after lumbar interbody fusion surgery in degenerative spinal diseases based on reconstruction computed
tomography imaging. We hypothesized that three-dimensional pedicle screw trajectory HUs has greater predictive ability for

postoperative screw loosening.

Materials and Methods
Demographic Data

This retrospective study was conducted on patients who underwent posterior lumbar fusion surgery for degenerative diseases
between July 2018 and August 2019. Informed consent was obtained from the patients, and this study was performed in
accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki) and was reviewed and approved
by the Ethics Committee of Honghui Hospital Affiliated with Xi’an Jiaotong University (20220102).

All patients enrolled in this study met the following criteria: (1) degenerative lumbar diseases including lumbar disc herniation,
degenerative lumbar spinal stenosis, degenerative lumbar spondylolisthesis and scoliosis; (2) age >45 years; (3) adequate imaging
data, including CT within 3 months preoperatively in archiving database; (4) complete medical information available. (5) follow-
up for at least 6 months. The exclusion criteria were as follows: (1) wrong screw path or screw cement augmentation in surgery; (2)
previous history of lumbar surgery; (3) activity limitation before or after the surgery; (4) presence of systemic metabolic disease,
long-term glucocorticoid use and malignancies of the osteoarticular system; (5) incomplete medical information. All surgeries
were planned and performed by spine specialist team. Demographic characteristics, including age, gender, diagnosis, surgical
segment and preoperative BMD scores, were obtained from the Hospital Information System for further analyses.

Screw Assessment

The patients were followed up postoperatively; imaging examinations were conducted, and clinical outcomes were assessed.
X-ray and CT scans were used to evaluate the presence of screw loosening, defined as a radiolucent area (>1mm in this study)
around any screw.” ! A senior spine surgeon and a radiologist evaluated the images independently. At the end of the follow-up,
patients were categorized into loosening and non-loosening groups.

Bone Quality Evaluation
DXA examination (Hologic Discovery model A densitometers, Hologic, Inc., Bedford, MA, USA) before the surgery was
conducted with standard flow including lumbar spine (L, to L, vertebrae), BMD values were recorded as T-scores.

L vertebrae were selected for HUs measurement in every patient. Data in DICOM (Digital Imaging and Communications in
Medicine) standard from preoperative lumbar CT (SOMATOM Sensation 64 slice scanner, Siemens Medical Solutions,
Forchheim, Germany) were reconstructed using MIMICS (version 21.0, Materialise Medical Co, Leuven, Belgium). An axial
image at the mid-height level of the L5 vertebra was chosen for the vertebral body measurement, and the ROI was delineated by an
oval, including more trabecular bone, while cortical bone and basivertebral foramen were avoided (Figure 1). The ROI of
tridimensional pedicle screw trajectory was delineated as a cylinder adapted to screw trajectory (including articular processes,
pedicle and vertebral body) and to avoid cortical bone (Figure 1). A senior spine surgeon and a radiology physician evaluated the
parameters independently. The vertebral body HU values were recorded as B-HU, while the average of both sides screw trajectory
HU values were recorded as ST-HU. Pathological changes like hemangioma or dysosteogenesis were excluded. The intraclass
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Figure | The methods of selecting ROls and measuring HU values of vertebral body and screw trajectory. (A-C) Cylinder ROI of screw trajectory in sagittal, axial position;
(D) Oral ROI of vertebral body which excluded the basivertebral foramen.

correlation coefficient (ICC) was performed using a two-way random effects model with an absolute agreement and an average
measure (k = 2), in order to ensure consistency.

Statistical Analysis

All statistical analyses were performed using SPSS (version 21.0, IBM Corp., Armonk, NY, USA). HU values were
calculated automatically as mean =+ standard deviation. The Shapiro—Wilk test was used to evaluate the distribution of
quantitative variables; normally distributed variables were described as mean + standard deviation and analyzed using the
t-test. Spearman correlation analyses were performed between B-HU, ST-HU and preoperative BMD. Receiver operating
characteristic (ROC) curve analyses were performed for potential pedicle screw loosening risk in association with HU
measurements and preoperative BMD, and the area under the curve (AUC) was calculated. The Youden Index was used
to obtain the optimal cutoff value. Statistical significance was set at P < 0.05.

Results

Demographics

A total of 90 patients were enrolled in this study (Figure 2) and were divided into loosening (n = 33) and non-loosening
(n = 57) groups. The loosening rate was 36.7% (33/90) in degenerative lumbar disease patients with posterior fusion
surgery. There were no significant differences between the two groups (P > 0.05) in age, gender, length of fixation, and

preoperative BMD (Table 1). Among patients with postoperative screw loosening, S; was the most common site (n=23/
33, 63.9%), followed by Ls (n=9/36, 25%) and L; and L, vertebrae (n=2/36, 5.6%).

HU Values Measurement

Excellent interobserver agreements were demonstrated for all measurements, substantiating the accuracy of our method
(Figure 1). ICCs ranged from 0.878 to 0.923, including B-HUs (0.878; 95% CI 0.781, 0.913), Right-ST-HU (0.908; 95%
CI 0.792, 0.954) and Left-ST-HU (0.923; 95% CI 0.826, 0.972). The B-HUs were 149.1+56.4 in the loosening group and
181.8+61.9 in the non-loosening group, while the average of ST-HUs were 92.6+37.2 and 138.6+60.2, respectively. The
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Posterior lumbar fusion surgery
between July 2018 and August 2019 Patients excluded by diagnoses
(n=2478) Spinal trauma (n= 127)
Spinal infection (n= 38)
Spinal neoplasms disease (n= 17)
y Spinal deformity (n= 36)
(n=218)

Degenerative lumbar diseases
(n=2260)

Patients excluded
Age<45 (n=416)

Follow-up <6 months (n= 673)
Other lumbar surgery before (n= 97)
Systemic metabolic disease (n= 42)
Long-term glucocorticoid use (n= 39)

Osteoarticular system malignancies (n=7)
(n=1274)

Patients excluded
Incomplete medical information
(n=442)

Patients excluded

.| Inadequate preoperative CT or last follow-
y up CT scan
(n=379)

The preliminary enrolled
(n= 165)

Imaging screening and patient excluded
Screw deviated (n= 6)
Screw trajectory augmentation (n= 59)
Hemangioma (n= 7)

—Screw assessment— Dysosteogenesis (n= 3)
(n=75)

A A

Loosening group No-loosening group
(n=33) (n= 57)

—Bone quality evaluatiom—

Statistical Analysis

Figure 2 Flow diagram of participant screening, exclusion, grouping and measurement.

loosening group yielded significantly lower CT HU values in the vertebral body and screw trajectory than the non-
loosening group (P < 0.05).

Additionally, correlation analyses among preoperative BMD, B-HU and ST-HU were performed, and all analyses
showed significant correlations (P < 0.05) (Figure 3). Preoperative BMD exhibited a weak correlation with B-HU (r =
0.396) and ST-HU (r = 0.465), respectively, while B-HU and ST-HU yielded a satisfactory correlation (r = 0.796).

ROC Curve Analyses
We performed ROC analyses to evaluate the predictive performance of CT HU values and preoperative BMD measure-
ment for potential pedicle screw loosening risk (Table 2). ST-HU yielded a higher AUC value than B-HU, suggesting
a better predictive yield (Figure 4), and both showed significant values in predicting screw loosening (P < 0.05). In
contrast, preoperative BMD was not statistically significant during ROC analysis (P > 0.05).

To identify the risk of screw loosening, we calculated the cutoff values of B-HU and ST-HU (Table 2). At B-HU
values of 160, the sensitivity and specificity rates were 72.7% and 56.1%, respectively. Meanwhile, at a cutoff value of
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Table | Demographic Characteristics

Characteristic Groups tly2 P
Loosening No-Loosening

Group (n=33) Group (n=57)
Age (y) 65.52+7.92 64.93+7.25 0.357 0.722
Gender (m/f) 17116 25/32 0.702 0.483
Length of fixation (n) 2.79+1.56 2.51%1.27 0.924 0.358
Preoperative BMD (T-score) -1.3£1.8 -1.3£1.3 0.036 0.971
B-HU value 149.1£56.4 181.8+61.9 —2.556 0.014
ST-HU value 92.6+37.2 138.6+60.2 -3.976 <0.001
Loosening segment (n)
LI 2
L4 2 / / /
L5
Sl 23

Notes: Data were mean * SD or N; n=number, y=years, m/f=male/female; Loosening segment can be multiple in
a single patient; P values in bold were statistically significant.

110 HU for ST-HU, a sensitivity of 78.8% and a specificity of 75.4% were obtained. Lower preoperative CT HU values
indicated a high likelihood of postoperative screw loosening in this study.

Discussion

This study documents a novel approach for predicting osteoporotic screw loosening risk before spinal surgery by
assessment of the radiodensity of three-dimensional screw trajectory using the Hounsfield scale on computed tomography
reconstruction imaging. The results demonstrated that screw trajectory HUs (ST-HU), vertebral body HUs (B-HU) and
preoperative BMD (T-scores value) were significantly correlated, and screw trajectory HUs showed good predictive
performance for screw loosening compared to vertebral body HUs and preoperative BMD.

DXA is the basic evaluation for bone mineral density before orthopedic surgery and is the gold standard for
diagnosing osteoporosis. However, its working principle leads to non-negligible biases for degenerative spinal diseases,
including aortic calcification, degeneration of the facet joint, osteophyte formation, and sclerosis of the intervertebral
disc.*® The QCT technique is widely acknowledged for its good performance in diagnosing osteoporosis, but its high
costs limit extensive clinical use. During quantification of the Hounsfield unit, the margin of cortical bone and any bony
interference can be excluded. Besides, it has the advantages of easy access and low costs. Most studies on vertebral HUs
evaluation were based on two-dimensional target measurements using the picture archiving and communication system
(PACS). Zaidi et al® reviewed the utility of HU assessment of bone quality and reported a threshold value of 110 HUs of
L, for osteoporosis. Zou et al>'? selected an oval ROI in the vertebral body in spinal degeneration patients over 50 years

=0.796 | e . 4 1=0.392

1=0.465

,,,,,,

STHU
Preoperative BMD.

Preoperative BMD.

200 50 00 160 50 200 250 300 ]
B-HU BHU ST-HU

Figure 3 Correlation analyses among preoperative BMD, B-HU and ST-HU.
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Table 2 ROC Analysis of CT HU Values of Vertebral Body and Screw Trajectory and Preoperative BMD in
Predicting Screw Loosening

Measurements Cutoff Values AUC AUC: 95% CI P

Values | Sensitivity | Specificity

Preoperative BMD (T-score) / 0.527 0.401-0.654 0.669
B-HU value 160 72.7% 56.1% 0.670 0.552-0.788 0.007
ST-HU value 110 78.8% 75.4% 0.744 0.639-0.850 <0.001

Notes: The cutoff values of CT HU were taken as multiple of 10 for identifying the risk of screw loosening; AUC, area under the curve; Cl,
confidence interval; P values in bold were statistically significant.

Abbreviations: DXA, Dual-energy X-ray absorptiometry; BMD, bone mineral density; CT, Computed tomography; HU, hounsfield units; QCT,
quantitative-CT; ROI, DICOM, digital imaging and communications in medicine; region of interest; ICC, intraclass correlation coefficient; ROC,
receiver operating characteristic; AUC, area under the curve; Cl, confidence interval; PACS, picture archiving and communication system;

and compared L;-L, HU values to the BMD score. They found that preoperative lumbar HUs measurement had an
advantage over BMD in osteoporosis prediction and was an independent factor in predicting screw loosening.

Several studies have focused on pedicle HUs evaluation. Xu’ et al estimated the pedicle and vertebrae HUs of L in
multilevel fusion surgeries. The ROIs were measured as circles in the narrowest part of the pedicle, including and
excluding the cortical bone. The advantages of pedicle HUs for predicting screw stability were supported by AUC values
ranging from 0.6 to 0.7, and the optimal cutoff value was 180 HUs. Sakai'’ et al suggested that low HUs of the screw
trajectory represented a risk factor for screw loosening in single-level interbody fusion. The authors enrolled multiple

1.0

0.8

Sensitivity

0.4

0.2

— B-HU
— ST-HU
E —— Preoperative BMD

0.0

I I I I I I
0.0 0.2 0.4 0.6 0.8 1.0

1-Specificity

Figure 4 Receiver operating characteristic curve analyses among preoperative BMD, B-HU and ST-HU.
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loosening screws and included a rectangle ROI of screw trajectory (from articular processes forward into the vertebral
body) in their measurements to reflect the peri-screw bone quality. Patients with screw loosening exhibited lower
preoperative HUs in the rectangle ROI, and the cutoff value was 153.5 in women. To our knowledge, morphological
studies have substantiated that pedicle isthmus quality could not be predicted by mineral density from the vertebral
body.'* In addition, the distribution of bone mass within the vertebral bodies was different, with similar density at all
axial levels of the vertebral body, while pedicles exhibited different bone strength in various locations.'” Therefore,
measurement of the vertebral body alone is insufficient to assess the risk of loosening.” This study harnessed CT
reconstruction images to evaluate the cancellous bone quality by 3D-ROI of screw trajectory, which yielded higher
predictive ability than 2D measurements. Patients after lumbar fusion surgery were retrospectively assessed and
separated into the non-loosening and loosening groups. We corroborated that a significant correlation was found between
ST-HU, B-HU and preoperative BMD, and ST-HU had significant value for predicting screw stability preoperatively.

Overall, the screw loosening rate in the present study was 36.7%, higher than reported in the past literature (1—
30%).”'%19718 Indeed, the risk of screw loosening can be affected by many factors, including the degree of osteoporosis,
length of fixation, rigid material, sagittal imbalance, distal fixation segment, and so on.'”® Preoperative DXA evalua-
tions were conducted routinely in patients with osteoporosis risk in our medical department, and the risk of screw
loosening was assessed. No significant difference in preoperative BMD was observed between the two groups, which
may be attributed to the non-inclusion of cases with screw augmentation. Therefore, there remains an indistinguishable
risk of osteoporotic fixation failure in patients with normal preoperative BMD, which highlights the significance of this
study.

Indeed, it should be borne in mind that PACS can only delineate bidimensional ROIs, while MIMICS measures three-
dimensional ROIs in stereoscopic space. Investigators can manually select the appropriate cancellous bone and avoid
cortical structures, thus reducing the interference due to degeneration factors. Interestingly, we found that ST-HU values
were lower than B-HU values, although the pedicle is known to be the strongest part of the vertebrae. This finding may
be attributed to the ROI definition, which included parts of the vertebral body, pedicle, and superior articular processes,
and avoided the cortical bone area (Figure 1). The HU values of cancellous bone in the lumbar spine exhibited
a decreasing trend and measurement of multiple segments was not conducive to inter-individual comparison.
Therefore, our study focused on single L5 vertebrae instead of multiple fixation segments to obtain more data. Indeed,
further studies with more samples are required.

Methods to predict postoperative screw loosening by CT HUs have been reported in recent years, with AUC values
ranging from 0.6 to 0.8,”"** which may be influenced by risk factors, including the length of fixation and distal fixation
segments.'*?° To achieve optimal sensitivity and specificity, B-HU and ST-HU cutoff values were determined as 160
HUs and 110 HUs separately in the Ls segment, suggesting the loosening risk was significant when HUs were less than
the thresholds regardless of the T-scores. In addition to DXA and QCT, CT HUs provides another approach for
preoperative assessment with significant implications for preoperative planning and screw failure assessment. We
recommend preoperative evaluation of target screw trajectories before long-segment fusion and revision surgery;
precautionary measures may be required even when the BMD scores are normal.

The present study has certain limitations. First, screw loosening can be affected by many factors, especially with
long-segment fixation. To obtain adequate samples, different lengths of fusion surgeries were enrolled (ranging from 1
to 8), and further studies with controlled variables might improve the specificity of results. Moreover, 3D-ROI
measurements using MIMICS software requiring available preoperative CT DICOM data, leading to inconveniences
and learning curve difficulties. Indeed, more clinical imaging studies are warranted to facilitate the application of CT
measurement techniques. Besides, clinical symptoms and fusion ratios at the final follow-up were not recorded
completely. Accordingly, the correlation between screw loosening on imaging and daily symptom could not be demon-
strated. Prospective multifactorial studies are warranted to enhance the assessment of osteoporotic spinal diseases.

Conclusion
Hounsfield unit measurement represents a reproducible and reliable method for predicting screw loosening before lumbar
degenerative surgeries. The HU values for pedicle screw trajectory yield stronger predictive performance than vertebral
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body HU values and BMD and may provide more guidance value for surgery. At ST-HU <110 or B-HU <160 at L5, the
risk of screw loosening is more significant.
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