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Purpose: To evaluate the efficacy and safety of unilateral O-arm navigation-assisted percutaneous kyphoplasty (PKP) for the
treatment of Kiimmell’s disease.

Methods: The clinical data from patients with Kiimmell’s disease who attended our hospital between January 2015 and January 2019
were retrospectively analyzed. For each patient, the visual analog scale (VAS) score, anterior height of the vertebral body, sagittal
kyphotic angle, Oswestry Disability Index (ODI), and postoperative cement leakage rate were recorded before and after surgery. Any
surgical complications were documented.

Results: The patients were followed up for 12 to 18 months. The average preoperative VAS score, kyphotic angle, and ODI decreased
from 8.6 £ 0.5, 18.0 + 3.7°, and 86.027%, respectively, to 2.2 £ 0.2, 5.8 = 0.8°, and 26.720% three days after surgery. The anterior
height of the vertebral body increased significantly from 14.5 + 1.2 mm preoperatively to 19.4 + 1.2 mm three days after surgery, and
this improvement was maintained until the last follow-up. After surgery, bone cement leakage occurred in one vertebral body; this
patient exhibited leakage to the intervertebral disc space, a complete pedicle and spinal canal structure, no clinical symptoms, and
required no treatment.

Conclusion: This study shows that unilateral PKP assisted by O-arm navigation is safe and effective. Moreover, the observed
improvements can be maintained over the longer term.
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Introduction

With the aging population, the incidence of osteoporotic vertebral compression fractures (OVCFs) continues to increase.
OVCFs have become an important health problem due to their high mortality rate and direct and indirect economic
costs." Kiimmell’s disease is a delayed complication of OVCFs; it was first described by Kiimmell in 1895.% Patients
experience lower back pain and kyphosis months or even years following mild spinal trauma. The most common imaging
manifestations include delayed vertebral collapse and intravertebral fissures. Kiimmell’s disease generally does not heal
naturally and conservative treatments such as bed rest and brace fixation are often ineffective. Ultimately, without
treatment, patients experience chronic lower back pain and paralysis.> Most patients with Kiimmell’s disease are elderly
people with osteoporosis and secondary complications. Surgical intervention for Kiimmell’s disease remains challenging
and there is no single standard or effective treatment for Kiimmell’s disease. PKP is an effective and minimally invasive
method for the treatment of Kiimmell’s disease.*® The main goal of surgical treatment is to inject polymethyl
methacrylate into the fracture to fill the cracks. However, fresh bone and sclerotic bone coexist in the collapsed vertebrae
of patients with Kiimmell’s disease,” and there can be many sclerotic bones in the puncture passage; this can lead to high
puncture resistance and puncture difficulty. Thus, balloon dilation and mastery of puncture technology are required. In
addition, it is difficult to accurately locate the vacuum fissures in the vertebral body with the use of manual surgery or
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X-ray-guided surgery, which, in turn, makes it technically difficult to perform PKP for the treatment of Kiimmell’s
disease.

With the development and improvement of computer-assisted surgery systems, computer-guided surgery has been
applied in various spinal surgeries. Computer-guided surgery has several advantages, including reduced X-ray radiation
exposure time and improved accuracy of pedicle screw placement. In recent years, an intraoperative computed
tomography (CT) scanning device, the O-arm, has been widely used in the field of spinal surgery. Combined with
a navigation system, the O-arm can provide intraoperative 3D imaging for most spinal surgeries. The O-arm navigation
approach is characterized by a visible track that allows the working tube to be inserted into the correct surgical site and
thus an appropriate incision location can be selected; this is difficult to achieve with the use of X-ray images.®’
Therefore, with the help of O-arm navigation, surgeons can confirm the needle entry point under the guidance of
computer navigation and then puncture into the pedicle and accurately locate the vacuum fissure cavity of the collapsed
vertebral body in patients with Kiimmell’s disease. Such an approach reduces the possibility of spinal cord and nerve
injury, allows for more accurate and easier control of the surgery, and thus greatly reduces the difficulty of the surgical
application of this technique. However, to the best of our knowledge, there are few reports on the application of
navigation technology in PKP surgery, especially in Kiimmell’s disease.

In the current study, navigation-assisted unilateral PKP surgery was performed and patients were followed up for up
to 14 months. The purpose of this study was to evaluate the feasibility of O-arm navigation-assisted PKP for the
treatment of Kiimmell’s disease and to analyze the efficacy and safety of the surgery.

Materials and Methods

Patient Data

This was a retrospective study of 20 patients with Kiimmell’s disease who were treated with PKP assisted by O-arm
navigation. Each patient’s demographic and clinical characteristics were collected from their electronic medical records.
Informed consent was obtained from all patients. The patient demographics are presented in Table 1. The sample
comprised 7 males and 13 females aged from 52 to 83 years, with an average age of 63.1+6.6 years. All 20 patients had
severe back pain that could not be cured by conservative treatment, and imaging examinations showed vacuum
phenomenon, cracks, pseudoarthrosis, or fracture stump sclerosis, with an average symptom duration of three months.
Patients with neurological deficits, history of spinal surgery, infections, vertebral metastatic tumors, or pathological
fractures associated with a primary tumor were excluded. The treatment levels were T10 (2), T11 (5), T12 (9), L1 (3),
and L2 (1), respectively. The VAS score, kyphotic angle, anterior height of the vertebral body, and ODI were compared
before and after surgery. The kyphotic angle was defined as the angle at which the vertical lines of the upper and lower
endplates of the injured vertebra intersect,'® while the anterior height of the vertebra was defined as the distance between
the upper and lower endplates of the anterior wall of the vertebra.!' All patients underwent X-ray (Figure 1), including
orthostatic and lateral X-rays, CT (Figure 2), and magnetic resonance imaging (MRI) examinations (Figure 2). Even if
a fissure was only observed in one of the three examinations, this was confirmation of the presence of a fissure.

The Li'? classification was made as follows: stage I, reduction in the height of the vertebral body of less than 20%
with no adjacent degenerative intervertebral disc disease, narrowing of the intervertebral disc space, lower back pain, or
symptoms, but with observed changes in MRI signals; stage II, decrease in the height of the vertebral body exceeding
20% with adjacent intervertebral disc degeneration, dynamic mobile fracture, and lower back pain with or without
radiculopathy; stage III, substantial decrease in the height of the vertebral body, break in the posterior cortex of the
vertebral body with spinal cord compression, and back pain with or without spinal cord injury. Based on these criteria,
eight cases were classified as stage I, and 12 cases were classified as stage II; none of the cases were classified as
stage III.

Surgical Procedure
After induction of general anesthesia, the patient was placed in the prone position on a special pad for spinal surgery. The
abdomen was suspended, and the navigation and positioning rod was placed at the right posterior superior iliac crest.
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Table | Clinical Characteristics of Patients with Kiimmell Disease (n=20)
Patient | Age (Years) | Gender | Level | Li Grade | VAS VH (mm) Kyphotic Angle ODI (%) Follow-Up
(Months)
| 60 | Male TII | 8.1 14.9 17.8 87.8 15
2 58 | Female LI 1l 8.8 13.3 19.3 85.6 12
3 71 | Male Tl | 8.9 16.3 18.9 88.6 12
4 70 | Male TII 1l 79 13.1 16.5 825 13
5 63 | Female LI 1l 8.5 14.0 14.5 88.3 14
6 65 | Female TI2 1l 8.6 13.5 19.9 84.5 16
7 61 | Male TI2 1l 8.5 12.8 226 85.6 14
8 62 | Female TI2 1l 8.9 14.4 27.6 823 12
9 55 | Female TI2 1l 9.1 14.0 254 83.0 13
10 58 | Female LI | 9.2 16.5 18.6 84.6 12
I 71 | Male TIO | 8.8 16.7 17.6 88.7 13
12 58 | Female TI2 | 8.5 152 16.6 86.6 13
13 73 | Female TI2 1l 7.8 12.9 16.5 85.6 12
14 78 | Female Tl 1l 7.9 13.1 14.5 823 14
15 62 | Female L2 1l 9.2 13.8 18.8 89.8 18
16 55 | Female TI2 1l 9.1 14.2 17.7 88.8 15
17 58 | Male TIO | 9.0 16.1 16.3 89.0 14
18 56 | Female TI2 | 8.6 14.7 14.5 823 13
19 59 | Female TII 1l 8.0 14.6 13.3 89.6 13
20 68 | Male TI2 | 8.1 15.5 13.6 84.5 16

Note: VAS, VH (mm), Kyphotic angle, ODI (%): these are all preoperative data.
Abbreviations: VH, anterior vertebral height; VAS, visual analogue scale; ODI, Oswestry disability index; PKP, percutaneous kyphoplasty.

Then, the fractured vertebral body was scanned with the O-arm machine and the collapsed vertebral body was located.

The left entry point was determined, approximately 1.5 cm from the horizontal midline of the vertebral body. After

determination of the entry point under navigation guidance, the pedicle was punctured (Figures 3 and Figure 4). After

Figure | Preoperative X-ray showed collapsed vertebral body and fractures in the vertebral body.
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Figure 2 (A) Preoperative CT showed collapsed vertebral body and fractures in the vertebral body; (B) preoperative MRI showed collapsed vertebral body and fractures in
the vertebral body.

successful puncture of the pedicle, the guide needle was removed. Then, the balloon was placed into the vertebral fissure
cavity of the collapsed vertebra through the working channel and the contrast medium was injected. Under O-arm
fluoroscopy, the balloon was stretched, sucking out the contrast medium. The bone cement was then prepared; when the
bone cement was a thin paste consistency, the bone cement injector was connected to a syringe. Using the O-arm X-ray
machine for monitoring, the cavity of the vertebral body was filled with bone cement along the puncture channel, with
about 6 mL of bone cement injected. After pulling out the bone cement injector, the surgeon checked that the height and
shape of the collapsed vertebral body were restored, and that the bone cement was in a good position (Figure 5). All of
the above processes were completed using an O-arm for monitoring.

Evaluation of Efficacy and Safety

In order to evaluate the efficacy of PKP for the treatment of Kiimmell’s disease, the VAS, ODI, kyphotic angle, and
anterior vertebral height were analyzed. The VAS and ODI were examined before surgery and three days, three months,
and one year after surgery, with measurements completed during outpatient follow-up appointments. Measurements of
the kyphotic angle and anterior height of the vertebral body were collected before surgery and three days, three months,
and one year after surgery. The safety of PKP was assessed by evaluating surgical complications, including cement
leakage, nerve injury, and postoperative infection. Postoperative infection assessment was based on serum leukocytes and
inflammatory markers, including C-reactive protein, and the erythrocyte sedimentation rate.

Data Analysis

SPSS 20.0 statistical software (PASW Statistics, IBM) was used for analysis. The data are expressed as meantstandard deviation.
Paired t-tests were used to evaluate the changes in VAS scores, kyphotic angle, and vertebral height before and after surgery
(significance indicated by P < 0.05). All radiological measurements were carried out by two doctors in a double-blind manner.

Results
Clinical and Imaging Results
All 20 patients tolerated the surgery. All surgical times were very short, with an average surgery time for each vertebral

body of 28 min (25-45 min). The patients experienced very little operative blood loss, with an average blood loss of
2.5 mL (1-5 mL). The operative segments were T10 (2), T11 (5), T12 (9), L1 (3), and L2 (1).
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Figure 3 Computer navigation planning route, accurate for identifying the fracture of the vertebral fissure.

During the surgeries, there were no serious toxic reactions (circulatory failure, shock, or cardiac arrest, which can cause
the surgery to be stopped). One day after surgery, all patients had significantly reduced back pain, were able to walk, and
were able to take care of themselves. The patients were followed up for 12 to 18 months (mean of 14 months). The mean
VAS score decreased from 8.6+0.5 before surgery to 2.2+0.2 three days after surgery (P<0.001), indicating a significant
improvement in lower back pain. At the last follow-up, the average pain score increased slightly to 2.3+0.2, but this was not
significantly different from the score three days after surgery (P<0.055). Thus, the pain relief effect of the surgery was lasting
and effective. There was a similar change in the average ODI score. The ODI score decreased from 86.0+2.7 before surgery
to 26.7£2.0 three days after surgery and 27.6+1.7 at the last follow-up. This indicates that patients experienced significant
improvements in their functional ability to carry out daily activities following surgery. The height of the anterior edge of the
vertebral body increased to 19.4+1.2 mm three days after surgery and decreased slightly to 18.6+1.1 at the last follow-up.
There was no significant difference between the result of the immediate postoperative evaluation and that of the last
postoperative evaluation. The kyphotic angle was 18.0 +3.7° preoperatively and 5.8+0.8° postoperatively (P<0.05); it
increased slightly to 9.9+0.8° at the last follow-up, but this increase was not significant compared to the immediate

postoperative assessment (Figure 6). The detailed evaluation results are shown in Table 2.

Complications
CT scans showed asymptomatic cement leakage in the intervertebral space in one case after PKP surgery. This patient
exhibited no cement infiltration into the spinal canal, no further displacement of the posterior segment of the vertebral

body, and no clinical symptoms. During the follow-up period, no neurological deficits were observed, and no other
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Figure 5 Bone cement was injected into the crack of the collapsing vertebral body during surgery.

complications occurred, including spinal cord compression, inflammation, or pulmonary embolism. There was no
significant loss of vertebral height or kyphotic angle.

Discussion

Intraspinal fractures caused by trauma are considered to be the most important feature in the diagnosis of Kiimmell’s
disease, with an incidence of 79%. Intraspinal fissures can lead to vertebral collapse and spinal canal stenosis which
aggravate clinical symptoms. Stage I and II Kiimmell’s disease present with no neurological symptoms; therefore, in
these stages, the main purpose is to eliminate the vertebral fractures and restore spinal stability. PKP surgery under an
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Figure 6 Changes in VAS score, anterior height of the vertebral body, kyphotic angle, and ODI score before and after surgery.

image-guided system allows for accurate localization of fissures in the vertebral body, injection of bone cement into the
fissures, effective stabilization of the collapsed vertebrae, and enhanced intervertebral stability, thus maximizing the
patient’s clinical improvement. This approach allows for the individualized design of the puncture path before surgery
and real-time dynamic guidance and monitoring of the puncture path along multiple planes during the puncture process.
The approach also provides greater accuracy than the conventional approach for PKP puncture.

In the current study, patients were followed up for more than 12 months. The results of this study indicated that
O-arm navigation-assisted PKP surgery produced satisfactory results, relieving back pain, correcting kyphosis, and
restoring vertebral height; these improvements were sustained until the last follow-up evaluation. At the last follow-up,
kyphosis was corrected, and the kyphotic angle had increased slightly. It is believed that this increase in the kyphotic
angle is due to the normal aging of the human body. This study did not examine if there was a statistical difference in the
kyphotic angle between the last follow-up and the follow-up three days after surgery; however, the kyphotic angle three
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Table 2 Efficacy Evaluation

Pre-PKP 3 Days After PKP | 3 Months After PKP 12 Momths After PKP
VAS 8.6+0.5 2.2+0.2% 2.2+0.2% 2.3+0.2%
VH (mm) 14.5%1.2 19.4+1.2% 19.3£1.1%* 18.6£1.1%*
Kyphotic angle 18.0£3.7 5.8+0.8* 7.5%1.1% 9.9+0.8*
ODI (%) 86.0+2.7 26.7+2.0*% 25.4%].9% 27.6x1.7%

Note: *P < 0.05 compared to preoperative value.
Abbreviations: PKP, percutaneous kyphoplasty; VAS, visual analogue scale; VH, anterior vertebral height; ODI, Oswestry disability index.

days after surgery and that at the last follow-up were significantly different from the pre-surgery kyphotic angle.
Moreover, there was no significant correlation between these imaging changes and the patients’ clinical symptoms.
The results of this study are also consistent with those of the study by Zhang et al."?

Nakamae et al'* demonstrated that vertebral instability after a fracture is the main cause of the symptoms of
Kiimmell’s disease. Lee'® also reported a serious conus medullaris injury caused by dynamic instability associated
with Kiimmell’s disease. The incidence of delayed neurological deficits after vertebral collapse in OVCFs is 19%. The
main factor contributing to neurological deficits is the instability of the vertebral body at the fracture site, rather than
mechanical compression of the spinal cord by bone fragments. In order to improve the patient’s symptoms and the
efficacy of treatment, the most important thing is to reconstruct the stability of the spine. In the current study, through the
precise injection of bone cement into the fissure using PKP, each patient’s collapsed vertebral body was effectively
stabilized. This process significantly relieved the patients’ symptoms, with a decrease in the VAS score from 8.6 before
surgery to 2.2 three days after surgery. The ODI score also decreased from 86% before surgery to 26.7% three days after
surgery. Thus, the surgery relieved the patients’ symptoms and improved their quality of life.

The complications of PKP include bone cement leakage, pulmonary embolism, thermal injury caused by bone cement,
nerve injury caused by surgery, and infection.'® The most common complication is cement leakage (14-18%),'”'® which
usually infiltrates into the epidural space, intervertebral foramen, intervertebral disc, and paraspinal vein, and can affect the
prognosis of the surgery. Overall, 73% of PKP complications are related to bone cement leakage. If the bone cement seeps into
the spinal canal and causes compression of the spinal cord, it can cause paralysis.'” If the bone cement seeps into the vascular
system, it can lead to pulmonary embolism and even death. In order to avoid bone cement leakage, preoperative CT scans
should confirm whether the surrounding wall of the vertebral body is damaged. It is also very important to choose the
appropriate puncture point and angle before minimally invasive puncture. If this is not done, important adjacent blood vessels
and nerves can be easily damaged, resulting in paralysis and even death. In this study, the puncture point was determined under
the guidance of real-time navigation images with dynamic O-arm monitoring throughout the whole process of bone cement
filling, and real-time dynamic monitoring of bone cement distribution. As soon as the bone cement reached the lateral edge of
the vertebral body or 1/4 of the distance from the posterior wall, the filling process was immediately stopped. The cement
leakage rate in the current study was 3.8%, which is much lower than the reported rate of 14% in the literature. This result
indicates that it is safe to perform PKP surgery with the assistance of O-arm navigation.

Unilateral PKP was used in all surgeries. A 2018 meta-analysis showed that compared with bilateral PKP, unilateral PKP
has a shorter surgical time, less cement consumption, and lower risk of cement leakage.>® Unilateral PKP is more
advantageous than bilateral PKP and should be regarded as an effective choice for the treatment of OVCFs. Moreover,
previous biomechanical studies have shown that both unilateral PKP and bilateral PKP significantly increase the strength and
stiffness of the vertebral body.21 Furthermore, when unilateral PKP is used, the cement extends along the midline and fills the
unpunctured side, which can make both sides of the vertebral body biomechanically stable. However, during unilateral
puncture, it is necessary to increase the internal inclination angle to ensure the bone cement crosses the midline, and while this
makes it easier to penetrate the pedicle, it also increases the surgical risk and difficulty. Intraoperative navigation helps to
overcome these risks.*” In the current study, the balloon was placed in the first third of the vertebra. Navigation was used to
determine the puncture route before surgery and real-time multiplane monitoring was performed during the surgery, which
improved the safety of the surgery. The average surgical time for each vertebral body was 28 min. Compared with previous
studies,*** the current surgical time under navigation was not increased significantly. This may be related to several factors.
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First, the surgical time of unilateral PKP is shorter than that of bilateral PKP. Second, navigation-assisted PKP eliminates the
need for repeated intraoperative ﬂuoroscopy,24 which also reduces the surgical time.

This study has several limitations that should be noted. First, patients with severe spinal cord compression,
neurological impairment, or a history of spinal surgery were excluded. As the main purpose of PKP is to strengthen
the vertebrae without restoring the nervous system, selective bias seems inevitable and may have affected the results of
this study. Second, this study had a small sample size, the follow-up period was short, and long-term patient complica-
tions were not evaluated. Although navigation-assisted PKP is associated with improved safety and surgical accuracy, the
cost of the surgery is also increased accordingly, and this study did not consider the economic costs of this surgical
approach. The surgical time of unilateral PKP is shorter than that of bilateral PKP, but we have not designed a case-
control study of bilateral vs unilateral PKP at this stage. This was only a preliminary study, and future studies on
Kiimmell’s disease should be designed more carefully. Increased sample sizes and longer follow-up periods are needed to
verify the effectiveness of this method for the treatment of Kiimmell’s disease.

Conclusion
O-arm navigation-assisted unilateral PKP is a safe and effective minimally invasive method for the treatment of Kiimmell’s
disease. This surgery can effectively relieve pain, restore physiological spinal curvature, and improve functional status.
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