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List of Abbreviations 

AF annulus fibrosus 
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T1-WI T1 weighted imaging 

T2-WI T2 weighted imaging 
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HD Hausdorff distance 
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M male 

F female 
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FU follow-up 
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1. Introduction and background  
 
Low back pain (LBP) is a common health problem and major cause of disability. LBP is 

responsible for the highest disability-adjusted life-years globally, it affects people from 

children to elderly [1]. Worldwide, 266 million individuals (3.63%) suffer from 

degenerative spinal disease and related LBP yearly [2]. The better understanding of the 

role of intervertebral disc as a main spinal element may improve spinal care.  

This dissertation focuses on two specific disc degeneration related conditions that have 

a great impact on clinical management and long-term surgical outcome.  

Our first aim was, to study advanced stage disc degeneration with total disc collapse, 

vacuum phenomenon, multiplex osteophytes and severe neuroforaminal stenosis. These 

conditions contribute to poor quality of life and severe disabilities and may require 

spinal surgeries.  

Second aim was to investigate factors, that may affect the adjacent levels and discs 

leading to adjacent segment degeneration (ASD) after instrumented spinal stabilisation 

surgeries. ASD related pain and disabilities are one of the main reasons of revision 

surgeries worldwide. Factors leading to ASD have been studied extensively, but the 

aetiology still remains unclear. 
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1.1. The intervertebral disc 

1.1.1. Embryology and anatomy 

The symphysis between the adjacent vertebral bodies is the intervertebral disc (IVD). 

This anatomical and functional unit is formed by the surrounding fibrocartilaginous 

adjacent vertebral endplates, central highly hydrated nucleus pulposus, and concentric-

layered surrounding structure, the annulus fibrosus. (Figure 1) 

 

 
 

 

Figure 1. Structure of IVD 

The figure shows the main anatomical structures of an 

intervertebral disc [3]. 

 

 The formation of IVD from embryonic layers occurs in the third gestational 

week. During gastrulation, future ectoderm cells colonize the mesoblastic space to form 

the notochord (axial mesoderm). The development of the notochord is depending on the 

expression of specific genes (Foxa2, Brachyury, Noto). Adjacent to notochord, 

pararaxial mesoderm forms somites, which contains sclerotome cells. These cells 

condense around the notochord and give rise to the vertebrae, endplates, and annulus 

fibrosus (AF) of the intervertebral disc, while the nucleus pulposus of the disc arises 

from the notochord [4–6]. (Figure 2) 
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Figure 2. Embryonic morphogenesis of the intervertebral disc 
A Notochord and adjacent somites B Sclerotome cells condense around the notochord  

C Cells adopt a metameric pattern of more condensed regions give a rise to vertebral bodies D 

Notochord contacts with vertebral body and expands to nucleus pulposus E Basic structure of 

the IVD. Figure adapted from Tomaszewski et al. [5]. 

 

 Vertebral endplates are built up by two main layers, the subchondral bone and a 

thin, approximately 1 mm thick hyaline cartilage. This cartilage contains chondrocytes 

synthetizing extracellular matrix (ECM), mostly collagen II, proteoglycans (PGs) and 

glycosaminoglycans (GAG). These fibers run horizontal and parallel to the vertebral 

bodies anchoring the AF to the endplate. The nutritional intake during the development 

and growth of the disc takes place in microscopic network of blood vessels, where 

metabolites diffuse through pores based on their size and charge. Only positive ions 

(e.g., sodium, calcium) or neutral molecules, such as glucose and oxygen can diffuse 

[3,6]. 

 Annulus fibrosus consists of fibroblasts and ECM structured into lamellae with 

15-25 concentric layers. These lamellae are interconnected by PGs aggregate and 

lubricin to reduce the friction between adjacent lamellaes. There are two main parts of 

the annulus, the inner and the outer. The inner part has less organised ECM, with 

mainly type II collagen, PGs and high water content. The outer part consists of mostly 

type I collagen. From the inner to the outer part, the orientation of the collagen and 

elastin fibers change from 60-65˚ to vertical. This fibrosus structure yields important 
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mechanical properties as the outer AF has a higher tension resistance, which limits 

nucleus pulposus protrusion [3,6,7]. 

 The central area of the intervertebral disc is the nucleus pulposus (NP) 

surrounded by annular fibers. NP is composed of several cell types (notochordal cells, 

chondrocyte-like cells, mesenchymal stem cells) that are embedded in a matrix. The 

ECM consists of type II collagen and aggrecan with sulphated GAGs. The negative 

charges of GAGs maintain high osmotic pressure and are responsible for the high water 

content that contributes to the absorption of spinal loads [8]. Due to the specific 

circumstances of the nutrition of intervertebral disc, NP cells are highly specialised to 

survive in a hypoxic environment (1% of O2). Notochondral cells play a key role in the 

NP. First, these cells produce growth-factors that stimulate the chondrocyte-like cells to 

synthetize the ECM (PGs, GAGs, collagen). In addition, these cells have the ability to 

prevent chondrocyte-like cells from apoptosis, by inhibiting the activation of apoptotic 

caspase cascade [3,6,7]. Taken together, it is emphasizes the fundamental role of 

notochordal cells in the survival and activity of chondrocyte-like cells, which 

subsequently maintain NP homeostasis [6]. 

1.1.2. Biomechanics 

To maintain human posture, high loads are developed by the upper body and muscles of 

the back and exerted to the spine. These forces and loads increase as approaching the 

sacrum. The elements of the IVD are subjected to mechanical stimuli, such as tensile, 

compression, shear stresses and strains [9]. This complex structure was formed to adapt 

to mechanical functions, such as forces generated in flexion-extension, bending, 

rotations and compressive loads. Spinal motion segment as a biomechanical unit grants 

6 degrees of freedom in flexion-extension, lateral bending and rotation. These complex 

movements require both the morphological structure and the biochemical composition 

of the disc’s matrix and lamellar structure of the annulus [9]. In upright position, the 

axial load compresses the endplates resulting in deformation of the nucleus pulposus 

and along with the tension of the bulging AF. This deformation increases the internal 

hydrostatic pressure of the nucleus.[10] The increased pressure exerts the force was 

transmitted through the annulus fibrosus.  

The variation of day and night activities produce a diurnal change in NP. As a result of 

upright position and repetitive loads, the intradiscal fluid is squeezed out of the disc 
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through the adjacent endplates into the vertebral bodies. The loss of fluid increases the 

PGs concentration as well as the osmolality and pH. In supine position, when the load 

decreases, negative pressure, and high osmolality brew the fluid back to the discs [8]. 

Posture dependent in vivo changes in intradiscal pressure was measured by Wilke et al. 

In their study, a pressure transducer was implanted to a healthy L4-5 disc of a volunteer. 

Intradiscal pressure slightly increased in extension compared to the neutral standing 

position, however the pressure increased exponentially with the increase of the angle in 

flexion. Lateral bending increased the pressure linearly, but over 20˚ it decreased both 

sides. One possible reason behind this phenomenon could be the active muscular 

stabilisation. Above 20˚ angle, the muscles release and the spine stabilises passively. 

Lifting a 20 kg object with both hands in front, knees bent and in upright posture with 

actively extended back multiplied the pressure by three times compered to neutral 

standing position. In contrast lifting with bent round back increased the pressure almost 

five times. Summarizing the study of Wilke et al., intradiscal pressure depends on the 

posture, the external load, muscle activity, the type of activity, and how it is carried out 

[11]. 

1.2. Degeneration process of the intervertebral disc 

Biological ageing is an ongoing process; it could be described as the impact of 

molecular and cellular damage over time. As these harms accumulate, structural and 

functional changes may appear and develop over time. As a result of limited blood 

supply and nutrition, the intervertebral disc undergoes degeneration related changes 

earlier than other types of tissue.[12] 

1.2.1. Nucleus pulposus and annulus fibrosus 

In most of the cases, degeneration starts at the level of nucleus pulposus. As the cell 

content starts to reduce, change in the homeostasis of ECM is induced. In addition, an 

excessive catabolic activity can be observed in the regulation of catabolic and anabolic 

functions [13]. The decrease in matrix turnover and proteoglycan content lead to the 

loss of osmotic gradient, which is linked to reduction of swelling pressure [14]. This 

abnormal load distribution created by this process passes the pressure/force on to the 

annulus, which impacts the structure and morphology. As degeneration proceeds, the 

annulus fibrosus starts to act like a fibrosus solid and resists to compression directly 
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[15]. Increased stress can lead to further structural changes such as formation of fissures 

(circumferential, peripheral and radial) and annular tears [16]. Consequently, annular 

weakness and defects will develop and later segmental and spinal instability will occur. 

Circumferential fissures are the result of interlaminar shear stress, whereas peripheral 

defects are related to the bony outgrowth in the anterior part. Radial fissures are the 

most common in the posterior and posterolateral region of the disc. This type of defect 

is associated with degeneration and related to disc displacements such as herniation and 

protrusion [17,18]. All of the above mentioned changes are irreversible because the 

regeneration capacity of the disc is limited [17].  

 The above detailed alterations have clear signs on CT and MR images. The 

proteoglycan content within the nucleus correlates with the high signal intensity in T2- 

weighted sequence on MRI [19,20]. The loss of signal intensity correlates strongly with 

the progressive degeneration process. Pfirrmann et al. classified the disc degeneration 

into a five-grade scale based on the signal intensity of the NP and its’ distinction of the 

AF [19]. As the degeneration tends to progress, the annular fibers show severe 

disorganisation, the nucleus dissolves and nitrogen accumulates within the disc. This 

vacuum phenomenon could be identified as a void gap in MRI either in T1 and T2- 

weighted images [21]. In CT scans these gas bubbles are visible as hypodense gaps. 

Vacuum phenomenon is proved to be posture dependent and associated with instability 

[22,23]. 

1.2.2. Endplates and subchondral bone 

Since the endplate serves as a connection between the bone and the avascular disc 

material, its role is crucial in nutrition. Rajasekaran et al. marked the endplate as a 

hallmark of degeneration, because damage to the endplate may alter both the 

mechanical environment and also the nutritional pathways [24]. The thickening of the 

chondral endplate leads to reduction in resistance to loads and compressing forces. 

The accumulating harms caused by microdamage result in the disruption of the endplate 

continuity. Finite element modelling (FEM), microscopic and diffusion MRI studies 

confirmed that cracks and breaks in endplate surfaces are the beginning of failure [25–

27]. Further harms thicken the cartilage and reduce the number of blood vessels leading 

to further degeneration. Consequently, altered nutrition and matrix synthesis and 

secondary annular damage may develop [3,28]. Six stages of degeneration can be 
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differentiated from healthy to end-stage degeneration based on the continuity of the 

cartilage and presence of subchondral changes according to Rajasekaran et al. (detailed 

in paragraph 3.2.2. Analysis of degenerative phenotypes on MRI)[24]. Subchondral and 

bone marrow changes were observed and described by Modic et al. in the late 80s. The 

three-grade Modic scale is still useful to detect the possible cause of back pain [20]. The 

factors behind bone marrow changes are still unclear, but it is closely related to 

mechanical insult. Altered loads affect the microenvironment of the bone marrow 

leading to histological changes [29]. These changes present as different signal 

intensities on T2-and T1-WI series. The cumulative trauma leads to oedema and micro 

vascularisation (Modic I., increased intensity in T1/T2 WI). As the degeneration 

progresses, the presence of yellow marrow in vertebral bodies can be detected (Modic 

II., increased on T1-WI and iso/ hyperintense on T2-WI). At the end stage woven bone 

formation along with the absence of yellow marrow can be seen (Modic III, decreased 

T1/T2 WI) [30]. 

1.3. Segmental instability and stenosis of the neuroforamen 

Ongoing degeneration of IVD in the level of a spinal unit is presented as altered 

functionality. According to the degenerative cascade, the first phase is dysfunction 

which is characterised by the absence of osseous lesions and non-specific low back pain 

due to impaired restraint and muscles control. In the instability phase, abnormal 

movements and alignment develop due to the facet arthrosis, disc height reduction and 

ligamentous impairment. The altered movements usually start in the intervertebral disc, 

extend to the facet joints and adjacent segments, leading to segmental dysfunction and 

instability [31]. Segmental instability can be described as the inability to maintain 

biomechanical function and anatomical alignment of the involved spinal level [23]. 

Degenerative instability is a common cause of axial and radicular pain and 

consequential disability.  

Intervertebral disc height narrowing leads to facet joint subluxation and reduced cranio-

caudal diameter of the neuroforamen. Due to the subluxation, apical collision and 

sclerosis develop between the superior articular process and the overlaying superior pars 

interarticularis. As a result, bone remodelling, cartilage erosion of the superior process 

and osteophyte overgrowth may occur. This process reduces the diameter of the 
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foramen more and more over time. Chronic facet overload induces neocyst formation, 

which may extend into the foramen and/or spinal canal, compressing neural elements. 

[32] 

The third and the last phase of the cascade is restabilisation, where significant disc 

collapse is associated with the formation of claw osteophytes of the vertebral body, 

“wrap-around bumper osteophytes” of the facet joint, as well as endplate sclerosis and 

vacuum phenomenon in intradiscal space [31,33]. 

1.4. Sagittal balance of the spine 

The human spine consists of three main curves, which are essential for upright posture 

and bipedal walk. Aligned posture and dynamic sagittal balance are required for every 

day activity. Significant majority of spinal disorders are also related to the change of 

regional alignment and global balance. The intervertebral disc degeneration itself results 

in the loss of segmental lordosis (i.e., degeneration/aging increases kyphosis in general). 

Many studies aimed to assess and measure spinal balance via various parameters. 

Conventional imaging of the spine such as magnetic resonance imaging (MRI) or 

computer tomography (CT), are not suitable because of the lying position during the 

measurements. Standard full spine X-rays and/or low-dose 3D EOS™ imaging are 

essential to determine parameters that measure sagittal balance in standing position. 

There are several pelvic-, spinal and global parameters to be considered before spinal 

interventions.  

1.4.1. Pelvic parameters 

 The most important base parameter is pelvic incidence (PI), which was 

described by Legaye [34] and Duval-Beaupère [35]. PI is the angle between the line 

perpendicular to the sacral plateau at the center and the line between the femoral head 

center and the center of the sacral plateau. It is an anatomical parameter which not only 

is considered constant due to its’ independency from pelvic position but it is also unique 

for each individual and not related to aging after growth is completed. Low PI 

corresponds with narrow, high PI with wide anteroposterior pelvic dimensions [36]. 

 Sacral slope (SS) is defined as the angle between the sacral plateau and the 

horizontal plane. It corresponds to the position of the sacrum, where low value 

represents vertical, while high value represents horizontal sacral position.  
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Pelvic tilt (PT) is the angle between the line which connects the center of the sacral 

plateau and the femoral head center and the vertical plane. SS and PT describe the 

orientation of the pelvis, as the pelvis is able to rotate around the axis of the two femoral 

heads with the movements of retro- and anteversion. During retroversion, the SS 

decreases and the PT increases, in contrast during anteversion the SS increases and the 

PT decreases.  

All three pelvic parameters are connected. as the PI is equal to the sum of SS and PT 

[35]. (Figure 3) 

PI=SS+PT 

 
 
Figure 3. Pelvic parameters 

Pelvic parameters shown in a lateral view X-ray SS (sacral slope), PI 

(pelvic incidence), PT (pelvic tilt).  



 16 

1.4.2. Spinal parameters 

The successive spinal curves from cranial to caudal are cervical lordosis, thoracic 

kyphosis and lumbar lordosis. The balanced work of spinal elements and paravertebral 

muscles are fundamental for upright posture. Alteration in one of these curves can 

influence the others and force them to compensations. Since the spine is an extremely 

complex structure from a biomechanical point of view, being aware of factors which 

influence the nature of certain mechanism is crucial. Understanding of biomechanical 

changes and the prediction of certain outcomes after spinal fusions are in the focus of 

current research. Several authors introduced various parameters to describe sagittal 

balance or even imbalance, they all agreed that each of the curves are essential to 

maintain sagittal balance [36–39]. 

 The shape of the cervical spine can be lordotic, kyphotic and neutral. There are 

separated parts the upper and lower curvature. The upper part consists of the Occiput-

C2 (cervical) angle, which is always lordotic. The average value is 15.81°± 7.15°. The 

lower part is measured between the lower endplate of C2 and the lower C7 endplate. 

The average value is 4.89°± 12.84° [36,40]. The thoracic kyphosis is measured as the 

angle between the upper endplate of Th1 (thoracic) endplate and the lower endplate of 

Th12. The average value is 41.83°± 10.44° [41].  

 Since the lifetime prevalence of low back pain is as high as 84%, lumbar 

surgeries are the most frequent operations in spine surgery [42]. Even short single-or 

two-level fusions require perioperative planning, as modification or manipulation of the 

lumbar lordosis is one of the key elements in restoring/maintaining the sagittal balance. 

Since it plays a fundamental role, preoperative x-ray measurements are as crucial as the 

preoperative MRI. Lumbar lordosis is measured as the angle between the upper endplate 

of L1 and S1 upper endplate. The average value is 55.8°± 10.2° [43]. As stated by 

Jackson et al., the two-thirds of lordosis occurs in the two bottom motion segments, in 

the most flexible and least rigid segments of the lumbar spine [44,45]. As a 

consequence, degeneration in L4-5 and L5-S1 discs leads to altered biomechanics and 

alignment. Since these two segments are the most frequent target of lumbar surgeries, 

considering its parameters are fundamental either in segmental or in the global point of 

view. 
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1.4.3. Segmental parameters 

Functional spinal units or motion segments are the basic functional elements of the 

mobile spine. According to Schmorl, in each segment there are passive parts as the 

vertebral bodies, and active elements such as the intervertebral discs, the intervertebral 

foramen, the facet joints and the interspinosus and flava ligaments [7]. The fundamental 

motion segment consists of two adjacent vertebral bodies, that embrace the 

intervertebral disc. The anterior and posterior longitudinal ligaments border the disc 

from anterior and posterior aspects. The above-mentioned elements form the anterior 

column have a static role in passively distributing the axial load. The arcs of the two 

vertebras, the pair of facet joints and the posterior ligaments form the posterior column 

have a dynamic role as actively distributing the axial load. According to its’ physical 

details every vertebra acts like a teeter totter, where the rotation point is the facet joint. 

This ‘lifting device’ grants active and passive load distribution [7]. (Figure 4) 

 
Figure 4. Structure of a motion segment 

A Elements of the anterior and posterior column. B Load distribution in the motion segment. (1) Axis of 

the movement, (2) direct passive load absorbers (IVD) (3) indirect, active load absorbers (facet joints, 

paravertebral muscles)[7] 

Loaded conditions can be studied on standing x-rays, via measuring various parameters 

to describe the condition of the two most important elements; the IVD and the 

neuroforamen. The physiological alignment of a lumbar segment is lordotic with a 

gradual increase from L1 to S1 [7]. As the aging process starts at the nucleus pulposus, 

the decrease of intradiscal pressure leads to disc height reduction. Anterior (DHA) and 
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posterior disc height (DHP) are useful parameters to follow as indirect markers of an 

ongoing degeneration. The changes in anterior disc height suggest an altered segmental 

lordosis, while the decrease in posterior disc height is a sign of foraminal stenosis. DHA 

and DHP also show a relationship with segmental instability factors, since disc height 

with advanced degeneration has a close relation with anterior vertebral slippage [22]. 

Dimensions of the neuroforamen in axial loaded standing X-rays, can be described by 

DHP and interpeduncular height (IPH). These parameters define the anterior and the 

cranio-caudal borders of the foramen. (Figure 5) 

 
 

Figure 5. Spinal and segmental parameters 

Spinopelvic parameters in standard standing X-ray. Anteroposterior view: LS (lumbar scoliosis), sS 

(segmental scoliosis), IPH (interpedicular height). Lateral view: LL (lumbar lordosis), sL (segmental 

lordosis), DHA (disc height anterior), DHP (disc height posterior). 
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1.5. Specific forms of disc degeneration 

1.5.1. Advanced disc degeneration and its minimally invasive surgical treatment: the 
Percutaneous Cement Discoplasty (PCD) 

1.5.1.1. Concept of vertical instability 

As the degeneration progresses, the altered biomechanics leads to the disappearance of 

nucleus pulposus, total disorganisation of disc tissue and endplate sclerosis with cracks 

and breaks [31,33]. The intradiscal void gap in MRI or focal intradiscal hypodensity in 

CT is called vacuum phenomenon. This intradiscal gas is associated with disappearance 

of nucleus pulposus and total disc collapse. It counts as a warning sign of segmental and 

vertical instability [46]. In vertical instability or accordion phenomenon the height of 

the disc and as well as the height of neuroforamen is depending on posture [46,47]. In 

upright position with axial loads, low back and leg pain increase, whereas the 

complaints may totally diminish in lying position. These facts suggest that the cyclic 

vertical loading contributes to disc collapse related dynamic foraminal stenosis with 

nerve root and dorsal ganglia compression. In prone position, when no axial loads are 

applied, stenosis decreases leading to pain relief. 

 

1.5.1.2. Percutaneous cement discoplasty – a minimally invasive treatment 
 
The primary concept that led to the development of percutaneous cement discoplasty 

(PCD) was the utilisation of polymethyl-methacrylate (PMMA) as an intervertebral 

spacer through a transforaminal approach. Industrially preshaped spacers have a higher 

risk of subsidence in ageing discs with degenerated endplates [48]. The major advantage 

of PMMA is that it can be individually shaped, so it can easily adapt to the surface of 

the endplates. Varga et al. observed that PMMA fills the gaps between endplate 

fragments and provides an immediate stabilizing effect after hardening [47]. Ageing 

spine related multisegmental pathologies often require extended spinal surgeries. 

Longer surgeries, higher blood loss increase the morbidity rate in patients who often 

already suffer from various comorbidities. The more extended the surgery, the higher 

the risk for complications. Aiming to decrease the above mentioned risks, minimally 

invasive surgery (MIS) has been coming into focus to reduce the length, the blood loss 

of the surgery and the perioperative risks [49]. Minimally invasive percutaneous 
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application of stand-alone PMMA in case of vacuum discs was introduced with the 

conventional technique of discography. Authors named the procedure percutaneous 

cement discoplasty (PCD) [47]. The primary aim of PCD is to stabilise the segment in a 

favourable position while filling the intradiscal cavity and the gaps between the 

endplates [50]. 

 

1.5.1.3. Indications and contraindications of PCD 

In elderly, polysegmental disc degeneration, segmental instability and consequential 

deformity are the leading causes of mechanical low back pain. Standing and dynamic 

X-rays are required to detect segmental instability and disc collapse, while CT scans are 

useful to assess the endplate conditions and defects, as well as vacuum phenomenon. 

MR imaging is required to rule out other pathologies such as infection or tumors.  

 
Indications: 

The success of this operative technique hinges on appropriate indication and patient 

selection.  

• Elderly patients suffering from vertical instability related mechanical, axial type 

low back pain 

• Disc collapse and vacuum phenomenon on imaging modalities 

• Open procedures are contraindicated due to severe comorbidities and increased 

perioperative risk 

Contraindications: 

• Presents of tumor or ongoing infection  

• Severe osteoporosis 

• Motor weakness due to the severe foraminal stenosis 

• Neurogenic claudication due to severe central canal stenosis 

• Possibility of poor quality intraoperative images due to obesity [46,47] 

1.5.1.4. Operative technique of PCD 

Percutaneous cement discoplasty performed in general anaesthesia, in prone position. 

On a radiolucent table the intervertebral disc with the vacuum phenomenon is localised 

by fluoroscopy. Stab incision is made 5-7 cm laterally from the median sagittal line. 
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Jamshidi needle is introduced through Kambin’s tringle to avoid nerve root injury. 

Under fluoroscopic control from lateral view, the needle is inserted into the disc space 

and a K-wire is inserted through the needle. After the removal of Jamshidi’s tool, the 

vertebroplasty working channel is inserted through the K-wire, afterwards the K-wire 

needs to be removed. High viscosity radiopaque PMMA cement is injected into the disc 

space. Continuous fluoroscopic control is mandatory to observe any possible adverse 

event such as leakage while filling the disc space. The cement intake of the disc spaces 

varies in wide rage (3-10 ml). After the consolidation of the cement the work flow is 

removed [47]. Details of the procedure are represented in Figure 6. During the 

procedure, usually no bleeding can be observed except for the skin incision (1-2 ml). 

 

 
 
 

Figure 6. The concept of vertical instability and operative technique of PCD 

Figure from the original article of Varga et al. [47] A The concept of vertical instability: under axial 

loads, in standing position the dimensions of the neuroforamen decreases compared to lying position with 
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no axial loads. B During discoplasty the intradiscal cavity is filled with PMMA, stabilizing the segmental 

position with increased dimensions of the neuroforamen C After discoplasty the height of the foramen 

remains increased compared to the preoperative state  

 

Although the application of this technique started to spread worldwide, the number of 

published papers are limited to pilot studies and technical notes. Only a few studies 

analysed the clinical effects and consequences of PCD either in lumbar alignment or in 

involved segments. 
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1.5.2. Adjacent segment degeneration (ASD) 

1.5.2.1 Incidence of ASD after lumbar fusion  

Spinal fusion surgeries have become the most frequent surgical treatments in cases with 

degenerative disc disease and spinal instability [51,52]. Albeit, applied lumbar fusions 

provide stability, at the same time it limits the physiological movements of the segment, 

which leads to altered biomechanics in the adjacent motion segments. 

The motion increases in the adjacent mobile segments, producing altered loads on facet 

joints and discs [53]. As a result, the reactive stabilisation process accelerates the 

natural ageing of the disc, resulting into adjacent segment degeneration (ASD), which 

was proved by Ekman et al. in a randomized controlled trial with long term follow up 

[54]. As ASD is a caused by accelerated ageing, it is often described by multimodal 

imaging such as X-rays and MRI. Radiological appearance of degeneration (ASDeg) is 

described by reduction of disc height, change in segmental lordosis and antero-posterior 

translation on X-ray [55–57]. On MRI, Disc degeneration is classified according to 

Pfirrmann grade [19] and consequent degenerative changes such as disc bulging, 

herniation, spinal canal stenosis, degenerative spondylolisthesis can develop as a result 

of ASD. Radiological adjacent degenerations associated with clinical symptoms called 

adjacent segment disease (ASDis).  

The incidence of ASD varies widely in the scientific literature, where the range of 

ASDeg ranges between 4.8-100% with a pooled incidence of 5.9%/year [58], and the 

ASDis varies between 0-30.2%, with the pooled incidence of 1.8% yearly, respectively 

[54,58–66]. The incidence of ASDeg/ASDis related subsequent surgeries varies 

between 2.6-27.2% [57,62,65,67–70]. 

 

1.5.2.2 Risk factors of ASD 

Identifying predisposing factors are essential to reduce occurrence, since degeneration 

in adjacent segments (ASD) is a major long-term complication after instrumented 

lumbar surgeries and the main cause of subsequent surgeries (67). The factors that 

influence and trigger changes in the adjacent mobile segments are currently under 

investigation. The factors could be classified as demographic, surgical, and pre- and 

postoperative radiological factors. Although the published original studies are lacking 

high quality evidence (average evidence: level III), a well-designed systematic review 
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and meta-analysis highlights the most relevant factors to consider (68). Three meta-

analyses were published in the last five years, analysing the influencing factors in the 

lumbar spine. Phan et al. included eight studies, focused on the relationship between the 

ASD and spinopelvic parameters [73]. The analysis of Wang et al. consists of 19 papers, 

including various demographic factors, patient reported outcome measures (PROM) and 

spinopelvic parameters [74]. Lau et al. published a systematic review and meta-analysis, 

based on 16 studies including eleven risk factors [72]. 

In regard of demographic parameters, only body mass index (BMI) proved to be a risk 

factor [72,74,75]. Obesity acts like an axial overload, like carrying weights, that 

permanently increases the intradiscal pressure. Increased stress on dorsal components of 

the segment leads to degeneration [11,67]. Age is a controversial parameter, since some 

papers found minor impact on ASD [74] with low hazard ratios, so its clinical relevance 

is still questionable [68,76]. Wang et al. and Bagheri et al. introduced facet joint 

violation (screw placement 1 mm within the joints’ edge) as a risk factor of ASD, as any 

violation of the stabilizing structures results in degeneration[72,74,75]. The role of 

preoperative spinopelvic factors remains controversial due to their moderate 

heterogeneity in the logistic models. Phan et al. reported, that high preoperative pelvic 

tilt, and high Pelvic incidence- Lumbar Lordosis mismatch (PI-LL) were risk factors of 

developing ASD [73]. Lau et al. found that lower preoperative LL caused anteriorly 

moved gravity line, which had an impact on affected discs leading to future symptoms 

[72,77]. These findings suggested that appropriate correction of lumbar lordosis might 

reduce the risk of ASD [72]. Several analyses confirmed that Pfirrmann grade 3 or 

higher disc degenerations were preoperative risk factors of adjacent degeneration 

[58,68,72,74,78–80]. 

The three meta-analyses suggested that certain postoperative spinopelvic parameters are 

risk factors of ASD. Alteration of these parameters showed an association with ASD 

[72]. Senteler et al. found that PI-LL mismatch greater than 15° could be predictive for 

revision surgeries, since PI-LL mismatch is a descriptor of pelvic morphology and 

lumbar alignment [81,82]. In the original paper of Schwab et al. PI-LL mismatch 

greater than 10° suggested sagittal malalignment [83], indicating that lordosis is not 

appropriate. If lumbar lordosis was less than optimal, compensatory mechanisms 



 25 

modified the orientation of the pelvis resulting in alteration in spinopelvic parameters, 

increasing the risk of ASD.  

Although various studies identified numerous risk factors, the literature lacks of well-

designed prospective studies. Moreover, most studies have focused on rather rare, long 

stabilization surgeries and studied the development of ASD from one or few aspects 

despite the fact that ASD is a multifactorial, multidimensional condition. 
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2. Objectives 

The aim of my PhD work was to study the above mentioned specific forms of 

intervertebral disc degeneration and their biomechanical and clinical aspects via three 

different scientific projects: 

2.1. Relationship between the change of segmental and regional 

biomechanics and the clinical effects after percutaneous cement discoplasty 

In the first section, I aimed to study a minimally invasive percutaneous technique (PCD) 

developed by our institution from clinical and radiological point of view. The specific 

research questions in this study were: 

1. Does PCD lead to significant pain relief and increase in functional capacity? 

2. Does this technique have an impact on the radiologic characteristics in the 

motion segment? 

3. Does PCD influence the lumbar alignment? 

4. Is any of the spinopelvic radiologic parameters associated with the clinical 

outcome? 

2.2. In silico analysis of indirect decompression after PCD 

In the second section, the effect of PMMA on neuroforaminal dimensions has been 

investigated applying in silico biomechanical methods. ’The following questions were 

investigated: 

1. How does the injected PMMA influence the neuroforaminal dimensions 

comparing each side of the segment? 

2. Does the operative technique, especially the side of the PMMA injection 

influence the volumetric change in the foramen and the PMMA distribution? 
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2.3. Incidence and risk factors of adjacent segment degeneration after short 

segment lumbar fusions 

In the third section, factors that influence, induce or trigger degenerative changes in 

adjacent segments after short lumbar fusions were determined in a prospective clinical 

study. The study aimed to answer the following specific questions: 

1. What is the incidence of ASD and what is the rate of ASD related subsequent 

surgery after routine, short-segment lumbar fusions? 

2. Which radiological parameters differ pre- and postoperatively between ASD and 

non-ASD patients? 

3. Do preoperative or postoperative spinopelvic parameters influence long-term 

outcome in connection with ASD after short segment lumbar surgeries? 

4. Which preoperative MRI finding can have significant long-term effects on the 

development of ASD? 

5. What are the main characteristics of the adjacent altered discs that required 

subsequent surgeries? 

 

Contribution: 

In this current thesis, in part ‘Relationship between the change of segmental and 

regional biomechanics and the clinical effects after percutaneous cement discoplasty’ 

and in part ‘Incidence and risk factors of adjacent segment degeneration after short 

segment lumbar fusions’ the study design, data acquisition, statistical analysis, 

interpretation of data and manuscript writing was done by myself under the guidance of 

Áron Lazáry. In part ‘In silico analysis of indirect decompression after PCD’, I was 

equally contributed co-author of Péter Endre Éltes, as the second investigator in 

measurements. Figure 8 and 9 were created by the permission and guidance of Péter 

Endre Éltes.[84]  
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3. Materials and methods 

All of the studies were approved by the National Ethics Committee of Hungary, the 

National Institute of Pharmacy and Nutrition (reference number: OGYÉI/163-4/2019). 

Patients participating in the study were informed and their written consents were 

collected.  

3.1. Study cohorts and timeline 

3.1.1. Percutaneous cement discoplasty: effect on radiological parameters and clinical 
outcome 

In this retrospective analysis of prospectively collected data, data of sixty-three 

consecutive patients operated with percutaneous cement discoplasty technique in our 

tertiary care spine referral center between 2014 and 2016 were analysed. Patients with 

incomplete dataset (n=4), any other concomitant open surgeries (recalibration, nerve 

root decompression, fusion in adjacent spinal levels, (n=11) or procedures performed 

outside of segments L1-5 (n=17) were excluded from the study cohort. Patients required 

subsequent surgeries due to intraoperative complications were excluded from the 

cohort. (Figure 6) The complications were collected and classified according to 

Clavien-Dindo classification system (detailed in paragraph 4.1 Percutaneous cement 

discoplasty: effect on radiological parameters and clinical outcome) (Table 2.). 
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Figure 7. Study population of patients underwent 
percutaneous cement discoplasty 

 

3.1.1.1. Data collection 

Data were collected pre-, and postoperatively and at 6-months-follow-up. Lumbar 

anteroposterior and lateral standing X-rays were taken at all timepoints. Pain intensity 

and disability were assessed via the validated Hungarian version of Oswestry Disability 

Index (ODI) and the Visual Analogue Scale (VAS) preoperatively and at the follow-up. 

3.1.2. In silico analysis of discoplasty 

In this in silico study, radiologic and clinical data of ten patients who underwent single- 

or multilevel PCD were analysed. Preoperative and 6 months’ postoperative data were 

processed.  

3.1.2.1 Data collection 

Pre- and 6-month postoperative CT images were taken with a predefined protocol. 
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3.1.3. Adjacent segment degeneration after short segment lumbar fusions 

In this prospective cross-sectional study, one hundred patients, who underwent short 

segment lumbar transforaminal interbody fusion (TLIF) procedures due to lumbar 

degenerative (L1 to S1) condition were enrolled between January and May 2015. 

Patients were over eighteen years of age. Excluded pathologies were trauma, tumor, 

infection and congenital deformities. Fifteen patients were excluded from the final 

analysis due to incomplete dataset or surgical site infection. (Figure 7) 

 
 

Figure 8. Study population of patients underwent short segment 
transforaminal lumbar interbody fusions 

 

3.1.3.1. Data collection 

The study consists of three measurement points: preoperative data, postoperative data 

and endpoint data. Preoperatively, standing antero-posterior and lateral X-rays and 

lumbar MRI were conducted within 3 months before the index surgery. Prior to the 
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surgery measurements of disability and pain were completed by each patients using the 

validated Hungarian version of Oswestry Disability Index and Visual Analogue Scale. 

2-3 days after the index surgery, postoperative antero-posterior and lateral X-rays were 

carried out. Study endpoint was defined as 5-year follow-up after the index surgery or 

the time of a subsequent surgery because of ASD.  

3.1.3.2. Operative technique of Transforaminal lumbar interbody fusion (TLIF) 

Transforaminal lumbar interbody fusion is performed in general anaesthesia, in prone 

position to support lordosis of the lumbar spine. The vertical midline incision in the 

index level is followed by gentle retraction of skin, muscles, and soft tissues in both 

sides to expose the spinous process, the lamina, and the facet joints. In most of the cases 

unilateral foraminectomy (laminotomy and partial facetectomy) is performed. The side 

of the foraminectomy depends on the patients’ symptoms and pathology. When the 

sufficient decompression is made and the liberation of the thecal sac and nerve root has 

been performed, the disc space can be distracted by an intralaminar spreading device. 

Distraction allows clear visualisation of the neural elements and the dorsal surface of 

the intervertebral disc. After the removal of the disc and cartilaginous endplate tissue a 

“banana” shaped interbody device of appropriate size is placed while retracting and 

protecting the dura. The interbody space then is filled with autologous/artificial bone 

graft posterior to the cage. Pedicle screws are placed in a standard fashion, and then 

attached to a lordotic rod and carefully compressed to restore lumbar lordosis while 

maintaining the restored disc height. The contralateral facet joint is decorticated and the 

bone graft is placed over for posterolateral fusion. Finally. a standard closure of layers 

is performed. [85,86] 

3.2. Radiological measurements 

Radiological measurements could be separated into two main groups based on the 

modality; X-ray and magnetic resonance imaging (MRI). Measurements were 

performed with eRad PACS viewer version 7.2 (eRAD Inc., Greenville US) and 

Surgimap software (Surgimap ver. 2.3.2., New York, NY).  
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3.2.1. Measurements of spinopelvic parameters on standing X-ray images 

In all cases X-ray measurements were conducted in standing antero-posterior and lateral 

positions in both studies in predefined time points. Preoperative X-rays were performed 

within 3 months before the index surgery, while postoperative X-rays were carried out 

within 5 days after surgery. The follow-up/endpoint images were done at the above 

mentioned predefined timepoints for each study. The accuracy of the X-ray 

measurements was tested and determined by intrarater reliability, as the subset of cases 

were remeasured after two months’ interval. 

3.2.1.1 Spinopelvic parameters 

3.2.1.1.1 Coronal plane 

Lumbar scoliosis was measured according to Cobb technique, defined as the angle 

between upper endplate of L1 and upper endplate of sacrum. Segmental scoliosis is the 

angle between the lower endplates of superior vertebra and the upper endplate of the 

inferior vertebra of each motion segments. (Figure 3) 

3.2.1.1.2 Sagittal plane 

Pelvis and lumbar spine 

Pelvic parameters are key factors to determine the position of the pelvis which 

influences the spinal curves. Pelvic incidence (PI) is the angle between the 

perpendicular drawn from the center of the S1 endplate and the line that joins the center 

of the femoral heads to the center of the S1 endplate. Sacral slope (SS) is the angle 

between the sacral plateau and the horizontal plane. Pelvic tilt (PT) is the angle between 

the line driven from the line that joins the two femoral heads to the center of S1 

endplate and the vertical line through the center of the femoral heads (Figure 1). 

Lumbar lordosis (LL) is measured according to Cobb’s technique, defined as the angle 

of the plane of the S1 and the L1 superior endplate. Lordosis LIV-SI (LL4S1) is angle 

between the plane of the S1 and the L4 superior endplate. Segmental lordosis is the 

angle between the lower endplates of the superior vertebra and the upper endplate of the 

inferior vertebra of each motion segment. Anterior and posterior disc heights (DHA, 

DHP) are the distances between the adjacent endplates, in the plain of the 

anterior/posterior vertebral borders in each motion segments. Interpedicular height 

(IPH) is defined by the distance between the centers of the adjacent pedicles and it is 
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used to follow the change of the height of the foramen. Mean IPH of each level from L1 

to L5 was analysed (Figure 3). 

Segmental lordosis in fusion site (sLoF) is measured as the angle between the upper 

endplate of the most cranial vertebra and the lower endplate of the most caudal vertebra 

of the fusion. If the fusion involved the sacrum, the sacral plateau is considered as the 

lower plane. 

Measurements of adjacent segment degeneration 

The main parameters to measure changes in adjacent segments were segmental lordosis 

in adjacent segments, anterior/posterior disc height, and antero-posterior translation. 

Segmental lordosis in adjacent segments (sL) are the angles between the upper 

endplates of superior vertebra and the lower endplates of the inferior vertebra of the 

adjacent motion segments. The antero-posterior translation measured as the distance 

between the posterior walls of the two adjacent vertebral bodies, whereas the inferior 

vertebra considered as fix point. 

Definition of adjacent segment degeneration 

ASD is determined as a radiological change between postoperative and endpoint X-rays 

or/and the need of surgical procedure due to degenerative pathology in the spinal 

segment adjacent to the index fusion [87,88]. Radiological ASD is present if at least one 

of the following is found on standing X-rays: (I.) onset of segmental change (either 

kyphotic or lordotic) equal or greater than 5°, (II.) decrease in disc height by 50 percent, 

(III.) anteroposterior translation equal or greater than 3 mm [55–57].  

 

3.2.2. Analysis of degenerative phenotypes on MRI 

Detailed structure analysis was performed to identify the condition of the adjacent 

intervertebral disc on preoperative MRIs. Five main phenotypes were studied: (1) Disc 

degeneration, (2) Disc bulge/protrusion and herniation, (3) Endplate damage, (4) 

Annular fissure, and (5) Modic changes. 

(1) Disc degeneration: the distinction among the nucleus pulposus and annulus 

fibrosus in T2-WI MRI sequences are the base of the five-grade Pfirrmann system. In 

Grade I the disc shows a uniform high signal intensity on T2-WI. In Grade II, central 

horizontal line appears in the disc with low signal intensity. Grade III represents high 
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signal intensity in central nucleus, with a decreased signal in peripheral regions. Grade 

IV indicates blurring distinction between the annulus and the nucleus with low signal 

intensity. In Grade V, low and homogenous signal intensity can be seen, where the 

annulus and the nucleus could not be differentiated [19].  

(2) Disc bulge/protrusion and herniation: displacement of disc tissue beyond the 

borders intervertebral disc space may be classified as diffuse (bulging) or focal 

(protrusion or herniation) changes. Bulging is defined as the disc material extending 

beyond the edges of the adjacent vertebral bodies, more than 25 percent of its 

circumference. A focal displacement classified as protrusion, is characterised by the 

disc tissue extending beyond the margin of the disc involving less than 25% of its 

circumference. A focal displacement is classified as herniation, if the displacement of 

the disc tissues appear through an annular disruption [89].  

(3) Endplate damage: a trackable marker of disc degeneration process, which is 

classified based on its severity. The six-type-classification distinguishes between 

healthy (Type I), ageing (Type II-III) and degenerated (Type IV-VI) conditions. Type I 

is a healthy endplate; type II is a thinner endplate layer without breaks; type III is 

showing focal defects with no subchondral bone changes; type IV defects are visible 

involving less than 25% of the endplate with bone marrow changes; type V covers 50% 

or more surface defects with associated bone marrow changes; type VI represents 

damage involving almost the entire end plate [28]. 

(4) Annular fissures: avulsions of annular fibres and fluid tracking through the 

annulus fibrosus fissure presented as high signal intensity on T2-WI sequences. 

Presence of the annular fissure indicates morphologic changes in the annular structure 

without displacement of the fibrosus material [30,89]. 

(5) Modic change: classification of degenerative bone marrow changes was 

performed according to Modic et al. There are three main forms of changes involving 

adjacent vertebral bone marrow. Type 1 changes correspond to bone marrow oedema 

with a decreased signal intensity on T1-WI and increased on T2-WI. Type 2 changes 

reflect the yellow bone marrow in vertebral bodies with signal intensity on either T1-WI 

and T2-WI. Type 3 represents dens woven bone with the absence of bone marrow [20].  

In further analysis all the above listed MRI parameters were dichotomized according to 

the following: Pfirrmann grade III or higher disc degeneration; presence of disc 
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bulge/protrusion or herniation; Type II or higher endplate defect; presence of annular 

fissure and any Modic type degeneration were considered as degenerative conditions 

[20,30].  

Pfirrmann grade III or higher disc degeneration and/or presence of disc bulge/protrusion 

or herniation were considered as major degenerative sign. 

3.2.3. CT acquisition 

Quantitative computer tomography (CT) images were acquired from patients included 

in the ‘In silico analysis of discoplasty’ study. Pre- and 6-month postoperative images 

were taken applying inline calibration phantom with a previously defined protocol 

(MySpine study, ICT-2009.5.3 VPH, Project ID: 269909). Voxel size of the 

reconstructed images were 0.6x0.6x0.6 mm3. DICOM file format exported from the 

hospital PACS system and anonymized via Clinical Trial Processor software 

(Radiological Society of North America, https://www.rsna.org/ctp.aspx) [90]. 

3.3. In silico measurements 

In silico measurements were carried out as it was previously published by our research 

group [84]. 

3.3.1. Motion segment geometry 

Segmentation process was performed applying 2D CT images, to create 3D vertebral 

geometry of the motion segment and the implanted PMMA spacer.[91] Manual 

segmentation was performed in Mimics® software (Mimics Research, Mimics 

Innovation Suite v21.0, Materialise, Leuven, Belgium). During the segmentation 

process, Hounsfield Units (HU) based thresholding provide the separation of bony 

volume from its’ surroundings. After defining the vertebral borders, uniform filling was 

performed in each image slice, to provide a mask, which was the base of the future 

triangular surface mask. Surface smoothing (iteration: 6, smooth factor: 0,7, with 

shrinkage compensation) and uniform remeshing (target triangle edge length 0.6 mm, 

sharp edge preservation, sharp edge angle 60º) were applied. The evaluation of the 

segmentation process was performed by the comparison of randomly selected vertebral 

geometries (6 preoperative, 6 postoperative measurements). Dice Similarity Index (DSI) 

was applied to evaluate the accuracy of the measurements [92,93]. This index defined 

https://www.rsna.org/ctp.aspx)
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the relative volume overlapping between 3D objects. DSI was calculated by the 

following equation: DSI=(2·V(I₁∩I₂))/(V(I₁) + V(I₂)), where V was the volume of the 

voxels inside the binary mask, and I1 and I2 were the binary masks from two 

segmentation processes of the two investigators (I). The segmentation was performed 

by two investigators at two different time points. 

3.3.2. Alignment of the motion segments’ geometry 

To detect and measure the effect of discoplasty in motion segments, pre-, and 

postoperative vertebral body models were adjusted in a common coordinate system. 

These models of the same motion segment were registered applying the caudal vertebra 

as reference, based on 18 anatomical landmarks as predefined registration points. For 

the rigid registration procedure, the algorithm of Mimics® software was implemented. 

To evaluate the accuracy of the registration process Hausdorff Distance (HD) was 

measured via MeshLab1.3.2 software (http://www.meshlab.net) [94]. HD was the 

maximum distance between to registration points, where 0 represented the absolute 

perfect alignment. HD measurements were performed in all 16 segments by both 

investigators. 

3.3.3. Measurement of the neuroforamen 

After the registration of pre- and postoperative models, the effect of the PCD was 

shown as the displacement of the cranial vertebra, which led to change in either in the 

spinal canal or in the neuroforamen geometry. This alteration was measured by a 

cylinder inserted in the virtual coronal axis of the neuroforamen. The length of the 

cylinder was predefined by 90 mm, but the radius was adjusted individually for each 

segment, to exceed the bony borders of the neuroforamen and central canal. The 

overlapping volumes were substracted from the cylinder. The change in volumes 

represented the dimensions of the neuroforamen and the canal either pre- and 

postoperatively. The changes in substracted volumes (∆V=Vpostop-Vpreop) represented the 

effect of the surgery, the volumetric alteration of indirect decompression. The 

measurement defined the quantitative effect of indirect decompression in the whole 

spinal unit. (Figure 8) To determine changes in more details, left and right side changes 

have been analysed separately. A uniform cutting plane was inserted into each motion 

http://www.meshlab.net/
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segment in the median sagittal plane, which defines the left and right neuroforamen as a 

cropped cylinder and even the volumetric distribution of PMMA. (Figure 9) 

The accuracy and repeatability of the measurement was evaluated by intrarater 

reliability between the investigators and in two time points, respectively.  

  



 38 

 
Figure 9. Process of segmentation, registration and measurements of cylinder 
volume [84]84 

A) Manual segmentation of 2D CT images to produce 3D volume of the coloured masks of the 

vertebra and PMMA. Rigid registration of the 3D volumes based on predefined anatomical 

points, which provided a common coordinate system for preop and postop models. Hausdorff 

distance was used for a quality measurement of the rigid registration. B As the pre- and 

postoperative measurements aligned in the same coordinate system, the effect PCD resulted in 

change of the position of the cranial vertebra. In both pre-and postop. Motion segments, two 

identical cylinders were inserted into the central canal and the neuroforamen. Overlapping 

A
2

 

 

B
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Figure 10. Application of a uniform cutting plane [84] 

3.4. Patient reported outcome measures 

Patient-reported outcome measures (PROMs) assess the person's perception of their 

current health status via self-reported questionnaires. Outcome measures enable subjects 

to report on their daily functioning, symptoms and other aspects of their health and 

well-being. Health care can gain objective feedback of changes in quality of life and 

disability after certain treatments using pre-, and post-therapy surveys. In this study the 

Hungarian version of Oswestry Disability Index (ODI) and Visual Analogue Scale were 

applied to assess subjects’ health status preoperatively and at the follow-up. 

3.4.1. Oswestry Disability Index (ODI) 

This questionnaire was first published in 1980 by O’Brien and Fairbank. [95] Since its 

first appearance several changes were applied over time. The ODI was translated and 

surfaces were substracted from the cylinder volume (V preop and V postop). The indirect 

decompression effect of PCD represented by ∆V=Vpostop-Vpreop. 
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validated on more than ten languages, including the Hungarian version by Valasek et al 

[96]. The current valid English version is 2.1b, but the base of the all the current foreign 

version were version 2.1a. The questionnaire consists of ten subdivisions including pain 

intensity, personal care, lifting, walking, sitting, standing, sleeping, sex life, social life 

and traveling. For each subdivision, there are six statements, from the best to the worst 

choice scored from 0 to 5. The formula for calculating the score is the total achieved 

score divided by the maximum achievable score and the result multiplied by 100. The 

score rages on a scale from 0 to 100, where the higher the score the higher the disability. 

According to the questionnaire developers, the result is valid if at least 9 questions are 

answered [95]. 

3.4.2. Visual Analogue Scale (VAS) 

A Visual Analogue Scale (VAS) is an instrument that is designed to measure a 

characteristic or attitude that is believed to range across a continuum of values and 

cannot be directly measured. VAS is a horizontal line 100 mm in length, marked by 

word descriptors at start and at end. The subject marks the line in a certain point that 

represents their current state. The VAS score is determined by measuring in millimetres 

from the left-hand end of the line to the point that the patient marks [97]. In our 

particular study VAS was used to measure pain intensity, where higher scores 

represented higher pain intensity.  

Patient marked the line answering the following question about low back and leg pain: 

“How severe was your back pain in the last week?” 

“How severe was your leg pain (sciatica)/buttock pain in the last week?” 

3.5. Statistical analysis 

3.5.1. Percutaneous cement discoplasty: effect on radiological parameters and clinical 
outcome 

All spinopelvic parameters were measured and a randomly selected subset of 20 

samples were remeasured after a two months’ interval by the same investigator, to 

determine intraclass correlation coefficient (ICC), and to evaluate the intra-rater 

reliability of the measurement methods. According to the original publication of 

Cicchetti et al. the ICC is: less than 0.40 = poor, between 0.40-0.59 = fair, between 

0.60-0.74, or more than 0.75= excellent [98]. Distribution of data was determined by the 
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Shapiro-Wilk test. For normally distributed variables the parametric one-way repeated 

measures ANOVA, for non-parametric variables the Friedman test were applied. The 

ANOVA and Friedman test were chosen based on the study design, as the parameters 

were measured multiple times (preoperative, postoperative and follow-up data) to see 

changes related to the surgery. Statistical significance was determined between the two 

groups over the course of a 6-month follow up period. If the overall ANOVA result 

proved significant, post hoc analysis with Bonferroni adjustment was applied to 

discover which specific means differed.  

To measure the strength and direction of the association between the change of 

spinopelvic parameters and the clinical outcomes, Pearson's correlation (r) for 

parametric and Spearman (rho) correlation for non-parametric variables were applied. 

Cohen’s standard was used to evaluate the strength of the relationship (r/rho between 

0.1 and 0.29 represents a ‘small’, r/rho between 0.3 and 0.49 represents a ‘medium’ and 

r/rho above 0.5 represents a ‘large’ association). Statistical analyses were performed 

using the SPSS 20.0 software (IBM Corp., IBM SPSS Statistics software, Chicago, IL, 

USA). A p-value of less than 0.05 was considered significant. 

3.5.2. In silico analysis of discoplasty 

Due to the low number of patients in the cohort, non-parametrical tests were used to 

compare values. Mann-Whitney U test was applied to compare right and left sides, 

related-sample Wilcoxon signed rank test was carried out to compare pre-, and postop 

data. Spearman’s rho was conducted to assess the relationship between PMMA intake 

and volumetric changes for each side.  

3.5.3. Adjacent segment degeneration after short segment lumbar fusions 

Further comparison of spinopelvic X-ray measurements between ASD and Non-ASD 

groups were assessed by Student’s t-tests for parametric variables and Mann-Whitney U 

test for nonparametric variables. For categorical variables Chi-square or Fisher’s exact 

test was applied to identify the relationship of the parameters. Statistical analysis was 

performed using SPSS software (IBM Corp. released 2016. IBM SPSS Statistics, 

Version 24.0. Armonk, NY).  

Multivariate logistic regression models were built to identify which factors may affect 

the development of ASD. Spinopelvic and MRI phenotypes that were not distributed 
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equally across groups were selected. Stepwise backward conditional method was 

applied to extract the final model. Multicollinearity was evaluated by Pearson’s rank 

correlation test  (r>0.8). Statistical analysis was performed using SPSS software (IBM 

Corp. released 2016. IBM SPSS Statistics, Version 24.0. Armonk, NY).   
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4. Results 

4.1 Percutaneous cement discoplasty: effect on radiological parameters and 
clinical outcome 

Twenty-eight patients, with 112 segments (65 PCD and 47 without PCD) were 

analysed. The study cohort consisted of a quarter of males (7/28) to three-quarters of 

females (21/28). The extent of surgery, the number of the operated levels/cases are 

shown in Table 1. 

 

Table 1. Characteristics of study population 

N 28 

Age (years, mean±SD) 75.4±7.4 

Gender (M/F) 7/21 

Extent of surgery (number of PCD levels) 

1 level 9 (9) 

2 levels 6 (12) 

3 levels 8 (24) 

4 levels 5 (20) 

Operating time (min, mean±SD)  

1 level 22.5±3.5 

2 levels 25.0±5.0 

3 levels 38.8±11.1 

4 levels 64.3±12.7 

 
Surgical complications which were excluded from the study (cement leakage, n=3) were 

listed and classified according to Clavien-Dindo classification. All cases were excluded 

from the final cohort (Table 2) [99]. 

 

 

 

Table 2. List of excluded complications according to Clavien-Dindo Classification 

Primal surgery Symptom CT Clavien-Dindo Revision surgery 
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Classification 
Percutaneous 
cement discoplasty 
L5/S1 

Severe left 
leg pain 

Cement 
leakage in 
left L5/S1 
foramen 

Grade IIIb Decompression and 
removal of cement 
from left L5/S1 
foramen  

Percutaneous 
cement discoplasty 
L4/5 and L5/S1 

Severe left 
leg pain 

Cement 
leakage in 
left L5/S1 
foramen 

Grade IIIb Decompression and 
removal of cement 
from left L5/S1 
foramen 

Percutaneous 
cement discoplasty 
L2/3, L3/4, L4/5 
and L5/S1 

Severe left 
leg pain 

Cement 
leakage in 
left L5/S1 
foramen 

Grade IIIb Decompression and 
removal of cement 
from left L5/S1 
foramen 

 

The results were reported comparing the preoperative (preop), postoperative (postop) 

and six months follow up (6M FU) data.  

4.1.1. Pelvic parameters 

The pelvic incidence was constant during the study period (preop vs. postop p>0.05 and 

post vs. 6M FU p>0.05). Sacral slope significantly increased after the intervention and 

the change remained constant (preop vs. postop p<0.01, postop vs. 6M FU p>0.05). A 

significant, constant decrease of pelvic tilt was observed after the PCD procedure (preop 

vs. postop p<0.05, post vs. 6M FU p>0.05). (Table 3) 

 

Table 3. Results of radiological measurements: Pelvic parameters 

 

PI (pelvic incidence, SS (sacral slope), PT (pelvic tilt). Pre-op vs. post-op and post-op vs. FU change 

percentage represented in parentheses. # Normally distributed data 

4.1.2. Spinal parameters 

No significant change was found in the global L1-5 lumbar lordosis after the procedure, 

however a 3.4° trend to significant increase in the lordosis was observed (p>0.05). 

Segmental lordosis significantly increased in both segments with and without PCD 

 preop 

(mean±SD) 

postop 

(mean±SD) 

6M FU 

(mean±SD) 

postop vs preop 

(mean change, %) 
p 

6M FU vs postop 

(mean change, %) 
p 

Pelvic parameters       

PI (°)# 54.5±8.9 54.7±9.5 55.2±9.6 0.2 (0.3%) >0.05 0.5 (0.9%) >0.05 

SS (°)# 33.6±7.1 36.5±7.0 35.0±6.8 2.9 (8.6%) <0.01 -1.5 (-4.11%) >0.05 

PT (°)# 21.1±10.1 18.3±8.1 19.9±9.1 -2.8 (-13.28%) <0.05 1.6 (8.7%) >0.05 
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(p<0.05 and p<0.05) and the change was constant during the follow-up period. In case 

of all measured segments the segmental lordosis (4.4±3.8° vs. 6.6±4.8° vs. 6.9±4.7°) 

showed significant, constant change after the procedure (p<0.05). Correction of lumbar 

scoliosis could be achieved and maintained (7.4±6.4° vs. 5.6±5.4° vs. 5.7±6.1°). The 

degree of scoliosis was statistically different pre- and postoperatively (p<0.05) but there 

was no significant change after 6 months (p>0.05). A significant segmental deformity 

correction was observed after the PCD procedure without any change over the 6 months 

follow-up (4.7±3.7° vs. 2.4±1.9° vs. 2.5±2.1°, p<0.05 and p>0.05). (Table 4) 

 

Table 4. Results of radiological measurements: Spinal parameters 

 
 preop 

(mean±SD) 

postop 

(mean±SD) 

6M FU 

(mean±SD) 

postop vs preop 

(mean change, %) 

     p 6M FU vs postop 

(mean change, %) 

    p 

Spinal parameters        

LL (°)# 35.5±16.3 38.9±16.5 38.0±16.7 3.4 (9.5%) >0.05 -0.9 (-2.32%) >0.05 

sL (°) 4.4±3.8 6.6±4.8 6.9±4.7 2.2 (73.6%) <0.05 0.3 (4.5%) >0.05 

segments  

with PCD (°) 

3.2±3.4 4.7±3.7 5.4±3.7 1.5 (38.2%) <0.05 0.7 (14.89%) >0.05 

segments  

w/o PCD (°) 

5.9±3.8 9.0±4.8 9.1±4.9 3.1 (136.8%) <0.05 0.1 (1.1%) >0.05 

LS (°) 7.4±6.4 5.6±5.4 5.7±6.1 -1.8 (-12.5%) <0.05 0.1 (1.1%) >0.05 

sS (°) 6.5±4.8 2.3±2.1 2.6±2.2 -4.2 (-52.1%) <0.001 0.3 (13%) >0.05 

Segments 

with PCD (°) 

4.7±3.7 2.4±1.9  2.5±2.1 -2.3 (-33.14%) <0.05 0.1 (4.1%) >0.05 

segments  

w/o PCD (°) 

8.8±5.0 2.2±2.3 2.6±2.3 -6.6 (-66%) <0.001 0.4 (18.18%) >0.05 

LL (lumbar lordosis). LS (lumbar scoliosis), sL (segmental lordosis), sS (segmental scoliosis), Pre-op vs. 

post-op and post-op vs. FU change percentage represented in parentheses. # Normally distributed data 
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4.1.3. Intervertebral space parameters 

In sagittal plane, the anterior (DHA) and posterior disc height (DHP) showed a 

significant increase after the surgery (DHA: 5.5±2.7mm vs. 9.1±2.8mm, p<0.001; DHP: 

4.0±2.3mm vs. 5.5±2.6mm, p<0.001). In both parameters, the change was significantly 

higher in PCD treated segments (DHA mean change: 4.7±3.0mm vs. 2.1±3.3mm, 

p<0.001; DHP mean change: 2.8±3.4mm vs. 0.0±2.4mm, p<0.001 in case of segments 

with and without PCD, respectively). IPH significantly increased in segments with PCD 

and the change remained constant (28.8±3.6mm vs. 32.8±4.5mm vs. 31.7±4.6mm, 

p<0.001). (Table 5) 
 

Table 5. Results of the radiological measurements: Intervertebral parameters 

DHA (disc height anterior), DHP (disc height posterior), IPH (interpedicular height). Pre-op vs. post-op 

and post-op vs. FU change percentage represented in parentheses.  

  

 
preop 

(mean±SD) 

postop 

(mean±SD) 

6M FU 

(mean±SD) 

postop vs preop 
(mean change, 

%) 
p 

6M FU vs postop 
(mean change, %) 

p 

DHA (mm) 5.5±2.7 9.1±3.2 8.3±3.3 3.6 (65.4%) <0.001 -0.8 (-8.8%) <0.001 

Segments 

 with PCD (mm) 

4.5±2.1 9.2±2.8 8.4±2.9 4.7 (104.4%) <0.001 -0.8 (-8.7%) <0.05 

segments  

w/o PCD (mm) 

6.8±2.8 8.9±3.6 8.2±3.8 2.1 (30.8%) <0.001 -0.7 (-7.8%) <0.05 

DHP (mm) 4.0±2.2 5.5±2.7 5.2±2.7 1.5 (37.5%) <0.001 -0.3 (-5.4%) <0.05 

segments  

with PCD (mm) 

4.0±2.3 6.8±2.6 6.5±2.5 2.8 (70%) <0.001 -0.3 (-4.4%) >0.05 

segments  

w/o PCD (mm) 

4.0±2.0 4.0±2.0 3.4±1.6 0.0 (0%) >0.05 -0.6 (-15%) <0.05 

IPH (mm) 30.1±3.7 32.4±3.3 31.5±3.4 2.3 (7.6%) <0.05 -0.9 (-2.8%) <0.001 

segments  

with PCD (mm) 

28.8±3.6 32.8±4.8 31.7±4.6 4.0 (13.8%) <0.001 -1.1 (-3.3%) <0.05 

segments  

w/o PCD (mm) 

31.4±4.0 16.0±3.3 31.1±3.5 -15.4 (-49.1%) >0.05 15.1 (94.3%) >0.05 
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In case of multi-level PCDs (2 or more segments), the change of lumbar scoliosis (-

2.2±3.2°) and segmental scoliosis (2.5±4.5°) showed significant difference compared to 

single level PCDs (change in LS= -0.7±2.4° and in sS=7.3±5.4°; p<0.05 and p<0.01 

compared to multi-level PCD). The change in posterior disc height (0.2±2.9mm vs. 

2.1±2.9mm, p<0.05) showed more increase in multi-level PCDs. (Table 6).  

Table 6. Difference between single- and multilevel (2+) PCDs 

 Levels preop postop preop vs. postop p 
(mean±SD) (mean±SD) (mean change±SD) (%)  

Pelvic parameters       
SS(°) Single 38.2±4.8 41±5.9 2.7±4.1 (6.8%)  

>0.05   Multi 31.4±6.4 34.4±6.9 3.0±4.9 (8.7%) 
PT(°) Single 18.5±7.2 16.1±5.4 -2.4±4.4 (-15.2%)  

>0.05   Multi 22.3±8.7 19.3±10.8 -2.9±5.2 (-15.2%) 
Spinal parameters     
LL(°) Single 49.4±14.1 52.7±15.9 3.3±4.8 (6.3%)  

>0.05   Multi 28.9±11.9 32.3±12.4 3.4±8.6 (10.6%) 
sL(°) Single 5.6±4.4 9.6±4.3 4.1±5.7 (42.1%) 

<0.05   Multi 3.7±4.3 5.0±3.3 1.3±4.4 (25.7%) 

LS(°) Single 5.5±4.8 4.7±5.1 -0.7±2.4 (-16.3%) 
<0.05   Multi 8.2±5.4 6.0±6.8 -2.2±3.2 (-36.5%) 

sS(°) Single 9.6±4.3 2.3±2.3 7.3±5.4 (-96.6%) 
<0.01   Multi 4.9±4.2 2.3±2.0 2.5±4.5 (-110.7%) 

Intervertebral parameters    
DHA (mm) Single 7.0±3.1 9.8±3.6 2.8±4.2 (28.9%)  

>0.05   Multi 4.8±2.9 8.6±2.2 3.8±2.8 (44.4%) 
DHP (mm) Single 4.1±2.2 4.3±2.1 0.2±2.9 (5.7%) 

<0.05   Multi 3.9±2.9 6.1±2.2 2.1±2.9 (35.8%) 
IPH (mm) Single 31.1±3.8 32.6±3.6 1.5±4.0 (4.6%)  

>0.05   Multi 29.5±3.0 32.1±2.8 2.6±3.1 (8.1%) 
PI (pelvic incidence), SS (sacral slope), PT (pelvic tilt), LL (lumbar lordosis). LS (lumbar scoliosis), sL 

(segmental lordosis), sS (segmental scoliosis), Preop vs. postop and postop changes percentage 

represented in brackets. 
 

Intrareter reliability of the radiological measurements proved to be excellent based on 

the calculated ICC. (Table 7). 
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Table 7. Intraclass correlation coefficient of the measured parameters 

Variable ICC 95% CI 

PI 0.99 (0.978- 0.998) 
SS 0.98 (0.951- 0.992) 
LL 0.99 (0.987- 0.998) 
LS 0.96 (0.925- 0.988) 
sL 0.93 (0.831- 0.972) 
DHA 0.91 (0.808- 0.966) 

DHP  0.79 (0.553- 0.921) 

IPH 0.98 (0.961- 0.994) 

 

4.1.4. Clinical outcome 

ODI and VAS (both LP and LBP) significantly decreased 6 months after the PCD 

procedure (Table 8).  

 

Table 8. Clinical outcome 

ODI (Oswestry Disability Index), LBP (low back pain), LP (leg pain). Preop vs. postop and postop 

change percentage represented in brackets 
 

There was a moderately strong association between the increase of sacral slope and 

improvement of ODI postoperatively (rho=-0.39, p<0.05) (Figure 10)  

 

 preop 

(mean±SD) 

6M FU 

(mean±SD) 

6M FU vs postop 
(mean change, %) 

p 

ODI 55.4±13.9 37.9±21.4 -37.9 (-31.5%) <0.001 

LBP 5.9±3.0 3.5±2.5 -3.5 (-40.6%) <0.001 

LP 6.9±2.4 4.0±2.7 -4.0 (-42%) <0.001 
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Figure 11. Association between the postoperative change in Sacral Slope (SS) 
and Oswestry Disability Index (ODI) (rho=-0.39, p<0.05). 

 

We also found that the change of LBP was significantly correlated with the degree of 

segmental scoliosis correction (rho=0.32, p<0.001). There was also a weak but 

significant correlation between the increase of DHA and ODI (rho=-0.189, p<0.05) and 

between DHA and DHP and LP (rho=-0.202, p<0.05 and rho=-0.274, p<0.05, 

respectively). (Table 8) 

 
The improvement of leg pain (-1.8±2.5 vs. -3.2±2.3, p<0.05) was significantly greater in 

multilevel procedures. Impact of PCD based on the number of discoplasty is presented 

in Table 9. 

 
Table 9. Clinical outcome (single vs. multilevel) 
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ODI (Oswestry Disability Index), LBP (low back pain), LP (leg pain). Preop vs. postop and postop 

change percentage represented in brackets. P-value represents the difference between single and 

multilevel procedures 

 

4.2. In silico analysis of discoplasty 

In the present analysis 16 segments of ten patients were included. The mean age was 

74±7.7 years. The levels of the involved segments were L5-S1 (2/16, 12.5%), L4-L5 

(4/16, 25%), L3-L4 (4/16, 25%), L2-L3 (2/16, 12.5%), L1-L2 (3/16, 18,5%), Th12-L1 

(1/16, 6,25%). (Figure 11) 

 

 
Figure 12. Number of treated segments by spinal level 

 

 Levels preop postop preop vs. postop p 
(mean±SD) (mean±SD) (mean change±SD), (%)  

ODI Single 58.6±9.7 42.8±22.6 -15.8±20.5 (-37.0%) 
>0.05   Multi 53.8±10.1 35.5±15.1 -18.3±15.7 (-51.7%) 

LBP Single 5.6±3.0 2.5±2.1 -3.1±3.1 (-121.5%) 
>0.05   Multi 5.9±2.6 3.8±2.9 -2.0±3.0 (-53.0%) 

LP Single 7.5±1.9 5.6±2.0 -1.8±2.5 (-33.3%) 
<0.05   Multi 6.5±2.5 3.2±2.5 -3.2±2.3 (-100.3%) 
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There was no significant difference between right and left side either pre- (11136.69 

mm3 mm3±3616.94 mm3 vs. 10534.93 mm3±2285.76 mm3; p=0.616) or postoperatively 

(12184.75 mm3±3453.64 mm3 vs. 11701.58 mm3±2283.32 mm3; p=0.752). The 

volumetric change did not differ between the two sides (1048.06 mm3±605.68 mm3 vs. 

1166.65 mm3±691.01 mm3; p=0.590). (Figure 12) 

 

 
Figure 13. Volumetric change of the neuroforamen at right and left side in each 

segment 

Axis ‘x’ represents the treated segment, where right and left side is shown according to the legend. ‘P’ 

represents patient. Axis ‘y’ presents the change in neuroforamen volume. 

 

The postoperative cylinder volume significantly increased compared to preoperative 

cylinder values either right (11136.69±3616.94 vs. 12184.75±3453.64; p<0.0001) or left 

side (10534.93 mm3±2285.76 mm3 vs. 11701.58 mm3±2283.32 mm3; p<0.0001).  

In regard of PMMA intake (3622.51mm3±1573.42 mm3 vs. 3981.23mm3±2048.44 mm3; 

p=0.616) and distribution (0.49%±0.17% vs. 0.51%±0.17%; p=0.985) both seemed 

equal, with no significant difference. The volumetric change showed a strong 

correlation with PMMA volume in right side (rho=0.682; p=0.004) and in left side 

(rho=0.650; p=0.006), (Table 10, Table 11). 
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In regard of the side of the discoplasty, there was no difference neither in preop 

(11216.46 mm3±2656.45 mm3 vs. 10455.15 mm3±3336.78 mm3; p=0.361) nor in postop 

cylinder volumes (12318.87 mm3±2295.41 mm3 vs. 11567.45 mm3±3419.88 mm3; 

p=0.468) between the filling and the contralateral sides. The delta volume increase was 

almost equal (1102.41 mm3±646.08 mm3 vs. 1112.30 mm3±659.05 mm3; p=0.724), 

even the amount of injected PMMA volume (3912.19 mm3±1756.92 mm3 vs. 3691.54 

mm3±1904.63 mm3; p=0.985). The injected cement distributed equally between the 

right and left side (0.52±0.17 vs. 0.48±0.17; p=0.696) (Table 12). 

 
Table 10. Volumetric measurements on the right side 

Patient ID Treated 
segment 

Side of 
discoplasty 

R/L 

Right (n=9) 

Substracted 
cylinder 
volumes 

(preop mm3) 

Substracted 
cylinder 
volumes 
(Postop 
mm3) 

Delta 
volume 
(mm3) 

PMMA 
volume 
(mm3) 

Distribution 
of total 
PMMA 

(%) 

P01 L4-5 R 10571.31 12912.48 2341.16 6476.52 0.64 
P02 L2-3 R 12913.27 13650.33 737.06 1786.30 0.28 

 L3-4 L 14503.03 16076.10 1573.07 4715.25 0.56 
 L4-5 L 8835.33 10394.26 1558.92 3427.19 0.53 

P03 L5-S1 L 5031.57 6406.67 1375.09 3390.91 0.33 
P04 L3-4 L 18089.48 19412.29 1322.80 2141.88 0.34 
P05 L5-S1 R 7132.74 8817.247 1684.50 5637.68 0.54 
P06 L1-2 R 11371.99 12034.59 662.59 1697.98 0.33 
P07 L2-3 L 8557.05 9272.09 715.03 4076.39 0.67 

 L3-4 L 6753.21 7990.86 1237.65 6094.34 0.64 
 L4-5 R 6860.46 7961.43 1100.96 4896.51 0.51 

P08 L3-4 L 13939.09 14142.29 203.20 1530.477 0.18 
 L4-5 R 12853.71 13929.88 1076.17 3349.10 0.29 

P09 Th12-L1 R 12666.42 13508.12 841.70 3464.11 0.79 
 L1-L2 R 13821.65 14064.30 242.64 2537.80 0.63 

P10 L1-2 R 14286.61 14382.98 96.36 2737.63 0.59 
MEAN  9/7 11136.69 12184.75 1048.06 3622.51 0.49 

SD   ±3616.94 ±3453.64 ±605.68 ±1573.42 ±0.17 
Right(R), left (L) 
 
Table 11. Volumetric measurements on the left side 

Patient ID Treated 
segment 

Side of 
discoplasty 

R/L 

Left (n=7) 

Substracted 
cylinder 
volumes 

(preop mm3) 

Substracted 
cylinder 
volumes 
(Postop 
mm3) 

Delta 
volume 
(mm3) 

PMMA 
volume 
(mm3) 

Distributuion 
of total 
PMMA 

(%) 

P01 L4-5 R 12486.38 13883.91 1397.53 3594.41 0.36 
P02 L2-3 R 8898.75 9833.28 934.52 4548.78 0.72 

 L3-4 L 11450.70 13075.03 1624.33 3670.57 0.44 
 L4-5 L 9841.97 11704.20 1862.23 2986.59 0.47 

P03 L5-S1 L 5867.54 7965.47 2097.93 6818.30 0.67 
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P04 L3-4 L 13057.79 14029.64 971.84 4136.37 0.66 
P05 L5-S1 R 7163.45 9453.71 2290.26 4864.38 0.46 
P06 L1-2 R 9660.80 10382.86 722.06 3380.00 0.67 
P07 L2-3 L 13090.17 13874.83 784.65 1967.92 0.33 

 L3-4 L 13794.85 14700.49 905.63 3486.42 0.36 
 L4-5 R 11554.23 13513.56 1959.33 4617.84 0.49 

P08 L3-4 L 9882.17 10490.94 608.76 6945.22 0.82 
 L4-5 R 13308.34 15055.78 1747.43 8336.24 0.71 

P09 Th12-L1 R 9933.42 10162.75 229.32 939.35 0.21 
 L1-L2 R 8793.31 9027.19 233.88 1495.92 0.37 

P10 L1-2 R 9774.92 10071.59 296.66 1911.28 0.41 
MEAN  9/7 10534.93 11701.58 1166.65 3981.23 0.51 

SD   ±2285.76 ±2283.32 ±691.01 ±2048.44 ±0.17 
Right (R), left (L) 
 
 
Table 12. Volumetric comparison of the injection and the contralateral sides 

 Side of PMMA injection 
 (Mean±SD) 

Contralateral 
(Mean±SD) 

p 

Substracted cylinder 

volumes (preop mm3) 
11216.46±2656.45 10455.15±3336.78 0.361 

Substracted cylinder 

volumes (postop mm3) 
12318.87±2295.41 11567.45±3419.88 0.468 

Delta volume (mm3) 1102.41±646.08 1112.30±659.05 0.724 
PMMA volume (mm3) 3912.19±1756.92 3691.54±1904.63 0.985 
Distribution of total 

PMMA 
0.52±0.17 0.48±0.17 0.696 
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4.3. Adjacent segment degeneration after short segment lumbar fusions 

A total of hundred patients were eligible for the study. Fifteen subjects were excluded 

from the final analysis due to incomplete dataset (n=12) or surgical site infection (n=3). 

Total of 85 subjects were included in the present analysis, of those 62 underwent single- 

and 23 underwent two-level open transforaminal lumbar interbody fusion (TLIF). Based 

on our ASD definition (detailed in paragraph, 3.2.1.1.2 Sagittal plane) 31 of the 85 

patients (21 female and 10 male) developed ASD. The incidence of subsequent surgery 

was 17.6% (15/85) ranging between 6 months to 4 years (2.69±2.04 years). 

4.3.1. Demographics and surgery related factors 

Age was significantly higher in ASD group compared to the non-ASD group (47.1±11.6 

years vs 54.2±10.4 years, p=0.007). ASD patients reported higher pain intensity 

preoperatively (6.8±2.2 vs 7.8±1.7, p=0.048) as well as at follow-up (4.6±2.9 vs. 

6.5±2.5, p=0.004). Based on ODI increased disability was found in ASD group 

compared to non-ASD group (27.0±20.3 vs. 38.3±21.8, p=0.020) at the endpoint. In 

regards of surgery related factors, upper-level lumbar fusion was more frequent in ASD 

group (6% vs 26%, Chi-square=3.99, p=0.007) (Table 13). 
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Table 13. Demographic characteristics and surgical details in study cohort 

Demographics 

Non-ASD 

n=54 

ASD 

n=31 
p 

Age, years (mean±SD) 47.1±11.6 54.2±10.4 0.007 

Gender (M/F) 19/35 10/21 0.784 

BMI, kg/m2(mean±SD) 27.3±5.1 28.5±4.8 0.264 

Pain (preop) 6.8±2.2 7.8±1.7 0.048 

ODI (preop) 44.4±18.1 48.1±14.3 0.326 

Pain (FU) 4.6±2.9 6.5±2.5 0.004 

ODI (FU) 27.0±20.3 38.4±21.8 0.020 

Surgical details    

Length of Fusion (one/two-level, %) 
41/13 

(76%/24%) 

20/11 

(65%/35%) 
0.261 

Upper/Lower lumbar fusion# (upper/lower, %) 
3/51 

(6%/94%) 

8/23 

(26%/74%) 
0.007 

Inclusion of sacrum (yes/no, %) 
33/21 

(61%/39%) 

16/15 

(51%/49%) 
0.394 

Differences between Non-ASD and ASD groups in demographics and surgical details 

Adjacent segment degeneration (ASD), body mass index (BMI), Oswestry Disability Index (ODI), Follow-

up (FU) 

4.3.2. MRI phenotypes, intervertebral disc characteristics 

Pfirrmann grade III or higher disc degeneration at the adjacent level before the index 

surgery was more frequent in the ASD group (24% vs 51%, Chi-square=9.70, p=0.002). 

The presence of disc bulge/herniation was three times higher in ASD patients (11% vs 

35%, Chi-square=7.31, p=0.007). Major degenerative signs (Pfirrmann grade III or 

higher disc degeneration and/or presence of disc bulge/protrusion or herniation) were 

more common in ASD cases (30% vs 64%, Chi-square=9.81, p=0.002) (Table 14). 
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Table 14. Distribution of preoperative MRI phenotypes 

 

 

 

 
Comp

arison 

of 

ASD 

and 

Non-

ASD 

groups (p-values in bold indicate significant difference). Pfirrmann grade III or higher disc degeneration 

and/or presence of disc bulge/protrusion or herniation were considered as major degenerative sign. 

Adjacent segment degeneration (ASD) 

4.3.3. Spinopelvic parameters 

Preoperative L4-S1, PI-LL mismatch and PT showed difference between ASD and non-

ASD groups. L4-S1 lordosis was significantly lower in ASD group (32.9°±8.8° vs 

29.0°±7.3°, p=0.039). PI-LL mismatch was greater in ASD patients (-2.3°±9.7° vs 

3.2°±11.5°, p=0.021). PT was higher in ASD group, which proved a trend to significant 

difference (14.4°±7.5° vs 17.7°±7.9°, p=0.056). Table 15 represents the difference in 

radiologic parameters between Non-ASD and ASD groups before the index surgery. 

  

MRI phenotype 
Non-ASD 

n=54 

ASD 

n=31 
p 

Disc degeneration 13 (24%) 16 (51%) 0.002 

Disc bulge/herniation 6 (11%) 11 (35%) 0.007 

Endplate damage 43 (80%) 26 (84%) 0.630 

Annular fissure 1 (2%) 1 (3%) 0.116 

Modic change 22 (41%) 18 (58%) 0.124 

Major degenerative sign 16 (30%) 20 (64%) 0.002 
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Table 15. Comparison of preoperative spinopelvic parameters 

Preop X-ray 
Non-ASD  

n=54 

ASD 

n=31 
p 

Pelvic Incidence (°) 52.9±11.6 56.9±12.5 0.141 

Sacral Slope (°) 38.2±8.9 39.6±9.6 0.493 

Pelvic Tilt (°) 14.4±7.5 17.7±7.9 0.056 

Lumbar Lordosis (°) 55.2±12.4 53.7±13.0 0.601 

L4-S1 lordosis (°) 32.9±8.8 29.0±7.3 0.039 

Segmental Lordosis in Fusion site (°) 12.8±7.2 10.9±6.4 0.215 

PI-LL mismatch -2.3±9.7 3.2±11.5 0.021 

Adjacent segment degeneration (ASD) 

 

In contrast, postoperative spinopelvic parameters showed no significant differences 

between groups. Table 16 represents the difference in radiologic parameters between 

Non-ASD and ASD groups after the index surgery. 

 
Table 16. Comparison of postoperative spinopelvic parameters 

Postop X-ray Non-ASD  

n=54 

ASD  

n=31 

p 

Pelvic Incidence (°) 52.4±11.9 56.7±12.4 0.122 

Sacral Slope (°) 35.2±8.9 38.1±8.6 0.163 

Pelvic Tilt (°) 17.2±6.9 18.9±7.8 0.309 

Lumbar Lordosis (°) 48.2±12.6 51.5±10.9 0.218 

L4-S1 lordosis (°) 31.6±9.4 28.3±9.2 0.130 

Segmental Lordosis in Fusion site (°) 13.0±6.9 13.7±6.4 0.647 

PI-LL mismatch 4.3±9.3 5.2±8.9 0.657 

Adjacent segment degeneration (ASD) 

4.3.4. Multiparametric model for ASD 

Parameters that were not distributed equally across groups were entered into the 

multivariate logistic regression model: age, upper or lower lumbar fusion, preoperative 
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L4-S1 lordosis, preoperative PI-LL mismatch and preoperative PT as spinopelvic 

parameters and the presence of major degenerative sign on preoperative MRI. After 

application of stepwise backward conditional method, the presence of major 

degenerative sign remained a significant predictor of developing ASD with an OR of 

3.85 (CI 95%=1.43-10.37, p= 0.006). (Table 17) 

 
Table 17. Multivariate regression model for ASD 

Variables 
Result of step 1. of stepwise multivariate regression model for ASD 

B (SE) Wald OR (95% CI) p 

Age 0.03 (0.03) 0.65 1.025 (0.965-1.089) 0.422 

Pelvic Tilt (preoperative) 0.32 (0.05) 0.47 1.032 (0.943-1.130) 0.494 

LIV-SI Lordosis (preoperative) -0.03 (0.03) 0.87 0.966 (0.900-1.038) 0.350 

PI-LL mismatch (preoperative) 0.01 (0.03) 0.09 1.011 (0.941-1.086) 0.760 

Level of Fusion 1.17 (0.83) 1.98 3.226 (0.633-16.456) 0.159 

Major degenerative sign (preoperative) 0.78 (0.64) 1.47 2.183 (0.618-7.703) 0.225 

Variables Final result of stepwise multivariate regression model for ASD 

 B (SE) Wald OR (95% CI) p 

Major degenerative sign (preoperative) 1.34 (0.50) 7.13 3.853 (1.432-10.365) 0.006 

Adjacent segment degeneration (ASD) 
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4.3.5. Subsequent surgeries 

In the cases where subsequent surgery was needed, MRI findings before the reoperation 

in the adjacent segments were the followings: all cases showed advanced disc 

degeneration, 7 cases developed moderate to severe spinal canal stenosis (7/15, 46.6%), 

9 patients showed large disc protrusion (9/15, 60%) and 3 cases developed disc 

extrusion (3/15, 20%). The Table 18 represents the morphological conditions in details 

of adjacent segments discussing disc displacements, endplate defects, facet and yellow 

ligament conditions.  (Table 18) 

 

Table 18. Morphological indications for the subsequent adjacent level surgeries 

Adjacent segment degeneration (ASD), L indicates lumbar. 

 

No Level of ASD Fusion extension Adjacent Segment pathology on MRI 

1 
L3-4 Cranial 

Severe canal stenosis, central protrusion and yellow 

ligament hypertrophy 

2 
L3-4 Cranial 

Severe central canal stenosis, central protrusion, disc 

degeneration, endplate defect 

3 
L5-S1 Caudal 

Severe disc degeneration, advanced Pfirrmann and 

endplate condition, facet arthrosis 

4 L3-4 Cranial Central canal zone herniation, severe canal stenosis 

5 L2-3 Cranial Central canal stenosis, protrusion 

6 L3-4 Cranial Moderate canal stenosis, subarticular zone herniation 

7 L3-4 Cranial Severe canal stenosis, central canal zone protrusion 

8 L4-5 Cranial Moderate foraminal stenosis, foraminal zone protrusion 

9 
L2-3 Cranial 

Severe disc degeneration, endplate defect, moderate 

facet arthrosis 

10 L2-3 Cranial Foraminal protrusion and stenosis 

11 
L3-4, L5-S1 Cranio-caudal 

Severe disc degeneration, canal stenosis, facet 

arthrosis,  

12 
L4-5 Cranial 

Severe canal stenosis, central canal zone disc 

herniation 

13 L2-3,  

L5-S1 
Cranio-caudal 

Foraminal zone stenosis, protrusion cranially,  

subarticular zone protrusion caudally 

14 L2-3 Cranial Moderate lateral recess stenosis, protrusion 

15 L4-5 Cranial Central canal zone protrusion 



 60 

5. Discussion 

This dissertation addressed two specific disc degeneration related conditions which 

have a great impact on clinical management and long-term outcomes.  

In the ageing population, advanced stage disc degeneration contributes to poor quality 

of life and severe disabilities which then may require spinal surgery. In my PhD work 

the effects of minimally invasive percutaneous cement discoplasty on radiological 

parameters and clinical outcome were analysed. As a second step, the PCD related 

indirect foraminal decompression were investigated, applying 3D in silico method and 

measurements.  

Adjacent segment degeneration related pain and disability are one of the main reasons 

of lumbar revision surgeries worldwide. Factors leading to ASD have been studied 

extensively, but the aetiology remains unclear. Demographic, surgery related and 

radiological factors that may influence the development of ASD were analysed.  

The results of each study will be discussed in detail in the following chapter. 

 

5.1. Percutaneous cement discoplasty: effect on radiological parameters 
and clinical outcome 

In the clinical study of percutaneous cement discoplasty, the effect of a minimal 

invasive surgical procedure on lumbar segmental and global radiological parameters 

and clinical outcome were investigated. Disability and pain significantly improved due 

to the PCD procedure and the clinical improvement at 6 months follow-up (17.5 points 

in ODI, 2.4 points in LBP, and 2.9 points in LP) was more than the consensual cut-off 

values for minimal important change of ODI and pain VAS [100]. Although, pain relief 

and functional improvement are multidimensional phenomena, this clinical benefit of 

the PCD procedure on the morphological parameters of the lumbar spine cannot be 

disputed. The improvement of the patients’ disability can be linked to the improvement 

of the sagittal spinopelvic alignment. We found a positive correlation between the 

increased sacral slope due to the surgery and the postoperative functional capacity (i.e. 

decreased ODI). This association was previously demonstrated in adult deformity 

patients after correction surgery [101–104] and the strength of the correlation what we 

found was similar to the results of previously published data [101,103]. Pain weakly but 
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significantly correlated with the changes of some segmental parameters such as the 

correction of the segmental scoliosis and the disc height. Beyond the segmental 

stabilization effect of the procedure, both associations can be explained by the change 

of the foraminal area [105] and the consequent indirect decompression effect [105–107] 

of PCD which was clearly showed by the radiological parameters.  

In the treated segments (i.e. in pain generator vacuum discs), the preoperative 

anterior disc height significantly reduced compared to the untreated discs (4.5±2.1mm 

vs. 6.8±2.8mm, p<0.001) while the mean posterior disc height was not different in the 

two subgroups. A decreased IPH (28.8±3.6mm vs. 31.4±4.0mm, p<0.001) as well as a 

decreased segmental lordosis (3.2±3.4° vs. 5.9±3.8°, p<0.001) were measured in the 

severely degenerated discs’, candidate for PCD. These results showed the effect of the 

advanced disc degeneration on the morphology of the motion segment. In this context, 

the favourable effect of the MIS procedure on these parameters were more 

straightforward. Due to the PCD, not only, the improvement of the above-mentioned 

parameters, but also a significant increase in the posterior disc height (DHP) were 

noticed. The segmental indirect decompression effect of the procedure - characterized 

by the increased IPH and DHP – was also associated with the correction of the 

segmental sagittal and coronal alignment. A significant improvement in the global 

coronal alignment and in segmental lordosis and scoliosis was observed even in the 

untreated segments. This latter association can be explained by the pain relief and the 

consequent reduction of the antalgic posture which also relates to the observed 

improvement of the functional capacity of the patients [108]. Multilevel PCDs had a 

higher impact on the decrease of lumbar scoliosis.  

Our work highlights the positive influence of PCD on global and segmental 

spinopelvic radiological parameters and their association with clinical outcome. 

However, the study had some limitations. Dataset of 63 consecutive patients operated 

between 2014 and 2016 were analysed, but patients having other concomitant open 

surgeries (n=11, 17.5%), incomplete follow-up data (n=4, 6.3%), having a surgical 

complication (cement leakage) (n=3, 4.7%) or procedures performed out segments L1-5 

(n=17, 26.2%) were excluded from the final study cohort. Although the cohort provided 

a good power of the study, the excluded subjects could modify the results. The number 

of the patients with prospective dataset was low, but the analyses of all their L1-5 
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segments provided a good power of the study. Full standing X-ray was available only 

for a subset of patients, so influence of PCD on the global alignment is not known. The 

pain relieving effect of the segmental stabilization (ie. ROM reduction) is alone not 

known, thus the clinical result of the different dimensions of the procedure 

(stabilization, indirect decompression, alignment correction) have not been elucidated 

so far. To validate our results and to clarify the above mentioned biomechanical and 

clinical issues further biomechanical studies and multicenter clinical trials with long-

term follow-up and are needed. 

5.2. In silico analysis of discoplasty 

Based on the facts about the clinical relevance of PCD mentioned in the previous 

section, PCD was an applicable option for patients suffering from severe disc 

degeneration related pain and disability. One of the major findings was that, indirect 

decompression played a key role in pain relief [105–107,109].  Increased IPH and DHP 

can be seen in standing X-rays and they were considered as the signs of indirect 

decompression. The effect was not quantified as exact volumetric change, due the lack 

of appropriate 3D measurement procedure. In our institution, we developed a method to 

measure the volumetric change of the neuroforamen and the canal [84]. It was a more 

feasible and accurate process with reproducible methodology compared to similar 

papers [110,111]. In this study, we proved that spinal canal volume increased 

significantly after the procedure. The volume of the injected bone cement positively 

correlated with the increase of the spinal canal, as well as the total surface of the 

PMMA. Pain and disability improved after the procedure, which confirmed our 

previous findings.  

During the operative procedure, the side of the insertion of the working channel for 

discoplasty depends on the surgeons’ preference. The main goal is to insert the trocare 

from a safer side, to reduce the probability of nerve injury. But - as degeneration is 

often asymmetric- an appropriately positioned needle could influence the segmental 

parameters.  

In a detailed analysis, the volumetric change at the right and the left sides were 

assessed. Both the right and the left neuroforamen volumes increased significantly after 

the procedure, however there were no differences in volumes between sides, even if we 
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took the side of the operation into consideration. The PMMA intake showed a positive 

correlation with the increase in both neuroforamen of the segment. Albeit the different 

filling sides, the distribution of the PMMA inside the disc space proved to be 

statistically equal. Although the fact of the asymmetric nature of degeneration, a 

carefully applied prone position and the lack of compensatory muscles spasms (due to 

muscle relaxants administered during general anaesthesia) may have led to a relaxed 

state of the spine with favourable, more symmetric intervertebral dimensions. Since this 

state may have been closer to the optimal anatomically symmetric segmental alignment, 

it resulted in equal distribution of PMMA. 

5.3. Adjacent segment degeneration after short segment lumbar fusions 

In this study, we assessed the influence of age, surgery related factors, spinopelvic 

parameters and preoperative MR findings related to adjacent segment degeneration. We 

found that the presence of major degenerative signs in the adjacent segment before the 

index surgery increased the risk of developing ASD. The impact of preoperative disc 

degeneration in adjacent segments was discussed in previous studies [63,80,112]. In 

agreement with our findings, some authors also reported that Pfirrmann grade III or 

higher disc degeneration and presence of disc bulge/protrusion in adjacent segment 

increased the risk of developing ASD [63,110,113]. Altered biomechanics in adjacent 

segments may have more profound effect on discs with higher grade degeneration and 

predispose patients to clinically significant ASD. In line with this observation, every 

patient who underwent subsequent surgery presented with severe degenerative changes 

and disc displacements on MRI had significantly higher pain and disability on PROM 

scores.   

Aging of the spine is slow natural process marked by consecutive stages of disc 

degeneration [30]. In our study, age was not an independent predictor of developing 

ASD, possibly due to the relative short follow up period.  

The current literature is controversial about the impact of instrumentation length and 

level of fusion as a risk factor leading to ASD [74,79,114]. Patients with upper-level 

lumbar fusions more frequently developed ASD. The reason might be the difference in 

range of motions (ROM) in lumbar segments. As Cook et al. described, the ROM of L1-

L3 segments were less flexible and more rigid compared to lower segments [45]. In 
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upper lumbar fusions rigidity limited segmental compensatory mechanisms in adjacent 

segments and can lead to disc degeneration. Higher pelvic tilt entailed compensatory 

mechanisms like pelvic retroversion to maintain balance. Although higher PT can lead 

to increased pain and disability, PT was not proved to be a risk factor of ASD in the 

final model [36]. Current literature supports this finding [74].  

The lumbar lordosis and its distribution are one of the main components in lumbar spine 

stabilization surgeries. Optimal distribution of L4-S1 lordosis was previously discussed 

by Yilgor at al. [115]. However, it has never been studied before in the development of 

ASD. Improper distribution of lordosis had a significant consequence on sagittal 

alignment and can influence the local biomechanics too [115]. Preoperative L4-S1 

lordosis was significantly lower in ASD group, but it was not a predictor of developing 

ASD in our multivariate regression model.  

In this current study LL and PI were not different between groups, however, only ASD 

patients showed moderate PI-LL mismatch preoperatively according to original 

classification by Schwab et al [83]. The moderate mismatch combined with mild 

increase in PT could be the reason of higher preoperative pain in ASD patients [116]. 

Our study has some limitations, that should be taken into consideration. First, 

the relatively low number of participants could limit our analysis. We could not analyse 

radiological and clinical ASD separately due the low number of patients in subgroups. 

Second, only lumbar spine X-rays were carried out due to technical reasons, so we were 

not able to calculate global sagittal balance.  

However, one important strength of our study is the detailed multidimensional 

measurements of spinopelvic parameters and spinal motion segments; especially, the 

multi-aspect MRI analysis, such as the role of endplate defects, annular fissures and 

Modic changes. Another advantage of the study was the homogenous patient group and 

the collection of detailed follow-up data as well as the low drop-out rate. 
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6. Conclusion 

As a conclusion, answers will be provided to the research questions each-by-each as 

listed in objectives. 

6.1. Relationship between the change of segmental and regional 

biomechanics and the clinical effects after percutaneous cement discoplasty 

1. Does PCD lead to significant pain relief and increase in functional capacity?  

After the procedure, a significant increase was observed in functional capacity in 

ODI (37.9% decrease) while leg pain (42% decrease) and low back pain (40.6% 

decrease) significantly decreased.  

2. Does this technique have an impact on the radiologic characteristics for the 

motion segment? 

Parameters that describe the intervertebral disc and the neuroforamen showed a 

significant change as an effect of PCD. Anterior and posterior disc height 

significantly increased, as well as interpedicular height. There was a significant 

correction in segmental alignment of the spinal unit. 

3. Does PCD influence the lumbar alignment? 

Segmental lordosis increased while the segmental scoliosis decreased 

significantly after the procedure. A mild correction of lumbar scoliosis could be 

achieved, with a more prominent effect in multilevel PCD. 

4. Is any of the spinopelvic radiologic parameters associated with the clinical 

outcome? 

Medium positive association was found between the increase of sacral slope and 

improvement of ODI postoperatively. The correction of segmental scoliosis was 

correlated with the reduction of LBP. The increase in DHA correlated with ODI 

and LP as well, while the changes in DHP were associated with the reduction of 

LP. 

 

Elderly patients with several comorbities and also suffering from severe disc 

degeneration are often not suitable for extended open surgeries because of the increased 

perioperative risk for complications. The main purpose of the minimal invasive PCD 
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surgery is pain relief and restoration of quality of life. Our results showed that PCD had 

not only a segmental stabilizing effect but also provided a foraminal decompression and 

lumbar alignment correction effect, leading to increase in quality of life and reduction in 

low back and leg pain. 

 

6.2. In silico analysis of indirect decompression after PCD 

1. How does the injected PMMA influence the neuroforaminal dimensions 

comparing at each side of the segment? 

As the effect of PCD, the neuroforaminal dimensions showed a significant 

increase after the procedure in both right and left sides. There was no significant 

difference in the volume increase between the two sides. 

2. Does the operative technique, especially the side of the PMMA injection influence 

the volumetric change in the foramen and the PMMA distribution? 

The side of the workflow introduction did not influence the volumetric increase 

of the neuroforamen. The distribution of the PMMA inside the disc proved to be 

equal between both sides. 

 

Our in-silico measurements provided quantitative information of the effect of PCD. 

Proving our previous clinical findings, that the application of PMMA in intervertebral 

discs significantly increased the volume of the foramen in both sides. The PCD 

procedure provided equal distribution of the PMMA inside the disc either filled from 

left or right side. The injected total volume was strongly associated with the achieved 

result. 

6.3. Incidence and risk factors of adjacent segment degeneration after short 

segment lumbar fusions 

1. What is the incidence of ASD and what is the rate of ASD related subsequent 

surgery after routine, short-segment lumbar fusions? 

According the applied ASD definition, 36.4% (31 of the 85 patients) of the 

population developed ASD after short segment TLIF, which supported the 
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scientific literature data. The incidence of subsequent surgery was 17.6% (15 of 

85 patients). 

2. Which radiological parameters differ pre- and postoperatively between ASD and 

non-ASD patients? 

ASD patients showed significantly lower L4-S1 lordosis and increased PI-LL 

mismatch preoperatively. Pelvic tilt was increased in ASD group with a trend to 

significant difference. There were no significant differences between groups in 

radiological parameters in early postoperative x-ray. 

3. Do preoperative or postoperative spinopelvic parameters influence long-term 

outcome in connection with ASD after short segment lumbar surgeries? 

Although L4-S1 lordosis, PT and PI-LL mismatch were significantly different in 

ASD group preoperatively, none of them proved to be a significant risk factor of 

ASD in regression model.  

4. Which preoperative MRI finding can have significant long-term effect on the 

development of ASD?  

Ongoing preoperative disc degeneration equal or higher than Pfirrmann grade 3 

and/or the presence of disc bulge/protrusion (major degenerative signs) 

significantly increased the likelihood of developing ASD.  

5. What are the main characteristics of the adjacent altered discs that required 

subsequent surgeries? 

MRI images of the 15 subsequent surgeries showed advanced disc degeneration 

in all cases, 7 cases developed moderate to severe spinal canal stenosis (7/15, 

46.6%), 9 patients showed large disc protrusion (9/15, 60%) and 3 cases 

developed disc extrusion (3/15, 20%). 

 

Despite the multitude of studies published, the causes of ASD are not understood 

completely. The role of spinopelvic parameters and other factors that influence, induce 

or trigger changes in the adjacent mobile segments are still not clear. We found that 

preoperative major degenerative sign was an independent predictor of developing 

adjacent segment degeneration. Consequently, adjacent disc conditions should be 

carefully analysed during surgical planning. If major degenerative signs are present, the 

inclusion of the segment into the index fusion is considerable. 
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7. Summary 

Low back pain is a common health problem, responsible for the highest disability 

adjusted life years worldwide, it affects every age group from children to elderly. 

Yearly, almost 4% of the total population suffer from degenerative spinal disease and 

associated low back pain. The more information we gather about disc degeneration and 

related symptoms, the more improvement we reach in spinal care.  

Our aim was to analyse specific intervertebral disc conditions that have a great impact 

in clinical management and long-term outcomes.  

Advanced stage disc degeneration is often a polysegmental condition and contributes to 

poor quality of life, and severe disabilities that may require spinal surgeries. It often 

occurs with severe comorbities which contraindicate extended open surgeries. To 

address these clinical conditions minimally invasive percutaneous cement discoplasty 

was introduced as a salvage technique. We proved that PCD was an effective technique 

to treat axial pain and disability related to severe lumbar disc degeneration. Our study 

showed that an improvement in lumbar alignment and a significant indirect foraminal 

decompression could be achieved with the procedure. These changes can significantly 

contribute to the pain relief and increase in the patients’ functional capacity. The 

indirect foraminal decompression was verified with a quantitative in silico 

methodology. According to our findings, volumetric increase in neuroforamen is 

strongly associated with the injected PMMA volume in both sides. The distribution of 

PMMA was equal inside the disc space, regardless the side of the operation.  

Short lumbar fusions are the most commonly applied surgeries, with possible long-term 

impact on adjacent discs biomechanics that may contribute pain, disabilities and may 

lead to revision surgeries. Factors leading to ASD have been studied extensively, but the 

aetiology remains unclear. In our study, we found that the preoperative presence of 

major degenerative signs in the adjacent segment before the index surgery increased the 

risk for developing ASD. 
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8. Összefoglalás 

A derékfájdalom jelentős egészségügyi probléma, mely világszerte a legtöbb 

rokkantságban, mozgáskorlátozottságban eltöltött életévért felelős. A teljes populáció 

mintegy 4% szenved degeneratív porckorong betegségtől és következményes 

derékfájdalomtól. Ennek tekintetében minél több információ áll rendelkezésre a 

porckorong kopásról és az ahhoz kapcsolódó tünetekről annál hatékonyabbá tehető 

mindezek gerincgyógyászati ellátása.  

Célunk azon speciális porckorong állapotok vizsgálata volt, melyek nagyban 

befolyásolják a mindennapi betegellátást, valamint a hosszú távú terápiás kimenetelt. 

Az előrehaladott porckorong degeneráció általában poliszegmetális állapot, alacsony 

életminőséghez és mozgáskorlátozottsághoz vezet. Ezen esetekben sokszor műtéti 

terápia indokolt, azonban a betegcsoportban megjelenő számos, súlyos társbetegség 

okán kiterjesztett, nyitott gerincműtét sokszor nem végezhető. „Salvage” megoldásként 

minimal invazív perkután cement diszkoplasztika (PCD) alkalmazható bizonyos 

esetekben. Vizsgálataink során bebizonyítottuk, hogy a PCD effektív megoldás 

előrehaladott ágyéki porkorong kopás okozta axiális terhelési derékfájdalom és az ehhez 

kapcsolódó mozgáskorlátozottság kezelésre. Segítségével a lumbális görbület 

harmonikusabbá tehető, továbbá szignifikáns indirekt foraminális dekompresszió érhető 

el. Mindezek a fájdalom csökkenést, valamint a beteg terhelhetőségének és funkcionális 

kapacitásának növekedését eredményezik. Megfigyeléseinket in silico mérésekkel 

egészítettük ki, melyek során számszerűen alátámasztottuk, hogy a neuroforamen 

térfogatnövekedése erős korrelációt mutat a beinjektált PMMA csontcement 

mennyiségével. Továbbá igazoltuk, hogy PMMA porckorongon belüli eloszlása 

egyenletes, független a műtét oldaliságától. 

Az egy- és két szintes ágyéki fúziók a leggyakrabban elvégzett gerincsebészeti műtéti 

megoldások közé tartoznak. Ezek a beavatkozások hatást gyakorolnak a szomszédos 

porckorongok biomechanikájára és hosszú távon fájdalmat és mozgáskorlátozottságot 

eredményezhetnek, felvetve további gerincműtét szükségességét. Vizsgálatunk során 

számos demográfiai, sebészi, spinopelvicus és MR eltérést analizálva igazoltuk, hogy a 

szomszédos szegmentumok preoperatív degenerációja növeli a szomszédos 

szegmentum szindróma kialakulásának valószínűségét. 
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