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Abstract. Adjacent segment disease (ASD) is a significant 
clinical complication following cervical and lumbar spinal 
fusion surgery, characterized by the degeneration of spinal 
segments adjacent to the fused area. The present literature 
review aimed to elucidate the risk factors contributing to 
ASD and to evaluate current and emerging treatment strate‑
gies. Epidemiological data indicate that patient‑related factors 
such as age, pre‑existing spinal degeneration and comorbidi‑
ties, along with surgical factors including the type of fusion, 
instrumentation and alignment correction, play pivotal roles 
in ASD development. Biomechanical alterations post‑fusion 
further exacerbate the risk. The underlying mechanisms of 
ASD involve changes in spinal kinematics and disc degen‑
eration, driven by inflammatory and degenerative processes. 
Diagnostic modalities, such as magnetic resonance imaging 
and computed tomography scans, are essential for early detec‑
tion and accurate diagnosis. Preventive strategies emphasize 
meticulous preoperative planning, advanced surgical tech‑
niques and postoperative rehabilitation. Treatment approaches 
range from conservative methods such as physical therapy 
and pharmacological interventions to surgical solutions, 
including revision surgeries and the use of motion‑preserving 
technologies. Emerging therapies, particularly in regenerative 
medicine, show promise in mitigating ASD. The present review 
underscored the necessity of a multidisciplinary approach 
to optimize patient outcomes and highlighted the need for 
ongoing research to address gaps in the current understanding 
of ASD in both cervical and lumbar regions.
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1. Introduction

Spinal fusion (SF) involves the surgically joining of two or 
more vertebrae to eliminate motion between them and provide 
stability. This procedure typically uses bone grafts alongside 
hardware such as screws, rods, or plates to aid the fusion 
process (1‑3). A well‑known complication of SF is adjacent 
segment disease (ASD), where degeneration occurs in the 
spinal segments next to the fused vertebrae. This can present 
as disc herniation, spinal stenosis, or facet joint arthritis, 
resulting in pain, neurological issues and potentially further 
surgeries (1). ASD often arises due to altered spinal biome‑
chanics following fusion (2). The fused segments cease to 
bear mechanical loads, shifting increased stress onto adjacent, 
unfused segments, which accelerates degenerative changes 
in these areas (3). A number of studies have confirmed that 
these mechanical alterations post‑fusion contribute to the 
degeneration of intervertebral discs and facet joints adjacent to 
the fusion site. The increased range of motion and mechanical 
load on these segments intensifies degeneration, particularly 
in longer fusion constructs (4,5). In cervical spine surgeries 
such as anterior cervical discectomy and fusion (ACDF), 
altered cervical mechanics influence adjacent segment degen‑
eration, while lumbar fusion affects spinal alignment and load 
distribution (6).

Epidemiological studies report a broad range of ASD 
incidence rates, typically between 2‑36%, depending on the 
spinal region involved (such as lumbar or cervical), the dura‑
tion of postoperative follow‑up and the surgical technique 
used (6). Clinically, ASD may manifest as chronic back pain, 
radiculopathy, or myelopathy in severe cases, especially if 
degeneration results in nerve compression or spinal canal 
narrowing  (1). Diagnostic imaging, including magnetic 
resonance imaging (MRI) and computed tomography (CT), 
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is commonly employed to identify degenerative changes in 
adjacent segments. While spinal fusion remains an effective 
treatment for conditions such as degenerative disc disease, scoli‑
osis and spinal instability, the increasing prevalence of ASD is 
a significant concern, particularly as spinal fusion procedures 
continue to rise globally (7). In the U.S. alone, >500,000 fusion 
surgeries are performed annually, with millions worldwide (8), 
emphasizing ASD as a critical postoperative issue (9).

Several factors contribute to the development of ASD, 
which can generally be categorized into patient‑related and 
surgical factors. Patient‑related factors include age, body mass 
index (BMI), bone mineral density (BMD) and pre‑existing 
spinal conditions (4,7,10). Surgical factors, such as the length 
of the fusion and the instrumentation used, also play a role. 
Longer fusion constructs, for instance, can impose excessive 
mechanical stress on the adjacent segments, accelerating 
degeneration (4,5). Moreover, studies have investigated the 
correlation among genetic predisposition, inflammatory 
mediators and the local biochemical environment in the 
development of ASD‑associated adjacent segment degenera‑
tion (7,10). Therefore, understanding these risk factors is vital 
for developing strategies to reduce ASD incidence.

Addressing ASD requires a multifaceted approach 
involving both preventive and therapeutic strategies. Surgical 
innovations, such as dynamic stabilization devices and total 
disc arthroplasty, aim to preserve spinal motion and reduce 
ASD risk, though more research is needed to confirm their 
efficacy (11). Minimally invasive surgical techniques (MIS), 
which minimize tissue damage and scar formation, are associ‑
ated with lower ASD rates (12). However, the optimal treatment 
for ASD remains debated. While conservative management 
(such as physical therapy, medications) may relieve symp‑
toms, surgical intervention may be required for patients with 
significant neurological deficits or instability (13).

In summary, the present review specifically focused on 
ASD associated with cervical and lumbar spine surgeries, as 
these are the most commonly performed fusion procedures (6). 
ASD continues to present challenges in the management of 
patients undergoing spinal fusion. A deeper understanding 
of its risk factors, along with advancements in both surgical 
techniques and emerging therapies, is essential for improving 
patient outcomes and minimizing the need for subsequent 
interventions.

2. Risk factors for ASD

Patient‑related factors
Age. Age is a risk factor for ASD following SF surgery, though 
findings vary, leading to continuing debate. A 16‑year cohort 
study reveals that younger patients, particularly those under 40, 
who underwent primary ACDF, were more probably to require 
subsequent ASD surgery (12). Other studies, however, report 
consistent ASD rates across all age groups  (4,14). Similar 
results were noted in lumbar fusion cases, with advanced age 
being emphasized as a risk factor (15). The overall reopera‑
tion rate due to symptomatic ASD following cervical fusion 
is 6.57%, peaking at 8.12% in individuals aged 30‑39 and 
decreasing with age. Additionally, those under 50 have a higher 
likelihood of requiring ASD reoperation (4). Conversely, for 
posterior lumbar fusion, patients younger than 45 have a lower 

risk of ASD compared with those over 60 (5). Although a 
meta‑analysis revealed a slight age difference in ASD patients, 
it was not statistically significant (16). While age‑related spinal 
degeneration is well known, it does not fully explain the higher 
reoperation rates in younger patients (3). A study has shown 
that older individuals exhibit more rapid radiological signs of 
degeneration post‑fusion (17). This discrepancy may be linked 
to differences in physical activity levels and underlying health 
conditions. The mixed research findings suggest that age alone 
is not the sole risk factor for ASD, necessitating caution in 
future studies and clinical care, especially for younger patients.

BMI. Biomechanically, obesity can overload interverte‑
bral discs, accelerate cervical disc degeneration and lead to 
abnormal stress on surrounding small joints, spinal ligaments 
and muscles, causing ASD (14). However, the relationship 
between BMI and the development of ASD following fusion 
surgery remains debated. Studies by Wei  et  al  (14) and 
Zhong  et  al  (18) demonstrate that elevated BMI is a risk 
factor for ASD in patients undergoing cervical ACDF and 
minimally invasive lumbar interbody fusion for degenerative 
lumbar conditions. Additionally, some investigations have 
suggested that a BMI >34 is associated with increased risk 
following lumbar fusion procedures (19). Conversely, certain 
studies have reported no correlation between BMI and the 
risk of ASD following both cervical ACDF (20) and adult 
lumbar spondylolisthesis fusion procedures (21). Notably, this 
discrepancy is more pronounced in the studies addressing 
cervical fusion, without accounting for the potential effect of 
postoperative changes in BMI. Therefore, in clinical practice, 
in addition to emphasizing preoperative BMI control, it is also 
crucial to focus on maintaining BMI within a reasonable range 
following fusion surgery for different anatomical regions, 
which warrants further in‑depth investigation.

BMD. Osteoporosis reduces vertebral hardness, alters 
stress distribution and induces significant biomechanical 
changes in adjacent segments (22). After fusion surgery, the 
BMD of adjacent segments decreases compared with preop‑
erative levels (23). Biomechanical studies demonstrate that in 
lumbar posterior interbody fusion models with osteoporosis, 
there is reduced pressure within adjacent intervertebral discs, 
decreased shear stress on fibrous rings and limited range of 
motion, which negatively influences ASD progression (24). 
Studies indicate a higher prevalence of ASD in postmeno‑
pausal women  (25), suggesting that osteoporosis is a risk 
factor and a predictor of reoperation (19,22). Patients with 
low BMD undergoing SF surgery may experience implant 
failure, resulting in poor fusion and heightened stress on 
nearby vertebrae, worsening ASD onset (26). Studies have 
demonstrated that osteoporosis (T‑score <‑2.5) is associated 
with the development of ASD following ACDF (27). Among 
patients undergoing fusion for lumbar degenerative conditions, 
those with osteoporosis show a higher incidence of ASD (28). 
However, the reoperation rate in osteoporotic patients is lower 
compared with non‑osteoporotic patients (7.4 vs. 13.1%) (28). 
Additionally, animal experiments illustrate the effectiveness 
of anti‑osteoporotic drug therapy in mitigating interverte‑
bral disc degeneration (IDD) near the lumbar fusion site in 
rats (29). However, some studies indicate no direct association 
between osteoporosis and ASD, possibly due to significant 
BMD variations before and after studies or measurement 
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inaccuracies (19,30). These conflicting findings underscore the 
importance of monitoring vertebral BMD pre‑fusion, imple‑
menting timely postoperative anti‑osteoporosis treatments 
and adopting precise BMD measurement methods, including 
CT scans alongside the potentially less accurate Dual X‑ray 
Absorptiometry (DXA) (23).

Diabetes. Research indicates that diabetes alters the 
composition and biomechanical properties of intervertebral 
disc, contributing to degenerative changes and increased 
spinal instability (10). Beyond microvascular complications, 
diabetes affects osteoclast and osteoblast function, leading 
to the release of pro‑inflammatory cytokines such as tumor 
necrosis factor‑alpha (TNF‑α), interleukin (IL) 6 and IL‑18, 
which impair bone graft vascularization, formation and 
remodeling (10,31). Diabetic patients undergoing multilevel 
fusion surgery face higher complication rates, including 
non‑union and pseudoarthrosis, compared with non‑diabetic 
individuals (10). Consequently, the risk of revision surgery 
for ASD following pseudoarthrosis exceeds the risk of the 
initial procedure  (10,31). However, the literature indicates 
that diabetes is not a risk factor for the development of ASD 
in patients undergoing ACDF (20). While diabetes has no 
effect on fusion rates in lumbar fusion surgeries using cellular 
bone allografts (32), other findings reveal that diabetes is a 
significant factor for reoperation following lumbar fusion 
due to ASD, with a 44% higher revision rate compared with 
non‑diabetic patients (10). Therefore, it is important to note 
that current literature lacks comprehensive studies on diabetic 
patients, particularly regarding preoperative blood glucose 
levels and postoperative glycemic control. Further clinical and 
animal studies are needed to confirm these findings.

Pre‑existing spinal degeneration. Patients with pre‑existing 
degenerative changes in the spine, such as disc degeneration, 
facet joint arthritis, vertebral slippage and spinal stenosis, face a 
higher risk of developing ASD before fusion surgery (33). These 
degenerative changes reduce disc height, alter biomechanical 
and increase pressure on neighboring segments (34). Research 
by Kim et al (35) found that MRI‑detected disc degeneration 
was a significant predictor of ASD development. Similarly, 
one study has suggested that patients with pre‑existing degen‑
eration in adjacent disc segments are more prone to ASD 
following SF (2). Degenerative changes in adjacent facet joints 
also affect spinal mobility, stability and ASD progression (2). 
Research stresses that preoperative facet joint degeneration 
is a risk factor for the development of ASD (2). A study by 
Tan et al (36) further supports this, demonstrating a strong 
association between facet joint degeneration and an increased 
incidence of ASD following lumbar fusion surgery. Patients 
with grade III degeneration [according to the Weishaupt clas‑
sification (37)] showed a markedly higher risk of developing 
ASD compared with those with grade I or II degeneration (38). 
Vertebral slippage can also lead to instability and heightened 
pressure on neighboring segments (39). Research indicates 
that preoperative vertebral slippage (spondylolisthesis) and 
spinal stenosis increase the risk of developing ASD following 
lumbar fusion and ACDF (40). Moreover, as the severity of 
postoperative spinal stenosis worsens, patients with ASD 
show significantly higher Visual Analog Scale scores (41) for 
back pain and Oswestry Disability Index scores (42) during 
follow‑up compared with those without ASD (43). The current 

absence of comparative clinical studies leaves uncertainty 
regarding whether degenerative‑related ASD results from 
fusion surgery or natural degeneration, necessitating further 
confirmation through animal experimental studies.

Spinopelvic sagittal imbalance. Spinal and pelvic sagittal 
parameter imbalance can result in lumbar spine instability, 
widely recognized as a risk factor for postoperative ASD (44). 
Proper alignment of the spine and pelvis ensures that the load 
distribution across the spine is balanced, minimizing exces‑
sive stress on individual segments. When there is an imbalance 
in spinopelvic parameters, such as pelvic incidence (PI), 
pelvic tilt (PT), sacral slope (SS) and lumbar lordosis (LL), 
this balance is disrupted, leading to abnormal biomechanical 
forces on the adjacent segments, which accelerates their 
degeneration (45). A mismatch between PI and LL‑especially 
when the difference exceeds 10˚‑forces adjacent spinal 
segments to compensate by altering their alignment. This 
compensation increases shear forces and mechanical stress 
on the adjacent discs and facet joints, leading to premature 
degeneration and, ultimately, ASD (44,45). One study has 
shown that degenerative changes in neighboring intervertebral 
discs are associated with elevated PT and persistent pelvic tilt 
mismatch with the PI‑LL change, particularly in lower lumbar 
fusions (L4‑S1) (44). SS is crucial for sagittal alignment as a 
compensatory mechanism (45). Postoperative PI‑LL mismatch 
increases the risk of ASD 10‑fold compared with controls (34). 
As PT increases, the center of gravity shifts forward, raising 
the spine axis deviation (SVA) and increasing stress on adja‑
cent segments (46). After posterior lumbar interbody fusion 
(PLIF) at L4/5, higher preoperative vertical SVA, vertical PT 
angle, reduced LL and PI‑LL mismatch are closely associated 
with ASD (45). Maintaining a sacral tilt angle >20˚ at L4/5 is 
vital for postoperative ASD prevention (34,45). Longer fusion 
segments in patients with Cobb angle >25˚ (47) are more effec‑
tive in correcting spinal issues, but higher preoperative Cobb 
angle may contribute to postoperative ASD (34). Moreover, 
individuals with a greater C2‑C7 SVA following ACDF are at 
an increased risk of ASD (20). Despite conflicting evidence, 
orthopedic surgeons should carefully consider these param‑
eters during surgery, especially when feasible intraoperative 
CT scanning and measurements are available.

Surgical factors
Length of fusion construct. The length of the fusion construct is 
a critical in the development of ASD due to the biomechanical 
stresses placed on adjacent segments. Longer fusion constructs, 
which often span multiple vertebral levels, restrict spinal 
mobility and increase mechanical loads on unfused adjacent 
segments (34). Mechanistically, this increased rigidity alters 
the distribution of forces along the spine, leading to hypermo‑
bility and accelerated degeneration in adjacent segments (48). 
Biomechanical models have shown that the longer the fusion 
construct, the greater the stress on adjacent segments, espe‑
cially in regions near the thoracolumbar junction, where the 
transition between mobile and immobile segments occurs. 
This change in biomechanics promotes microdamage in 
adjacent intervertebral discs and facet joints, leading to their 
progressive degeneration (49). Okuda et al (48) found ASD 
rates of 8.6% over 4.6  years post single‑segment lumbar 
PLIF surgery and 16.4% over 6.0 years post double‑segment 
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surgery. Park et al (46) showed a 2.7 times higher ASD risk in 
three‑segment fusion patients compared with those with single 
or two‑segment fusions. The key mechanism here is that long 
constructs redistribute the load across a smaller number of 
remaining mobile segments, leading to biomechanical over‑
load and subsequent degeneration. These findings emphasize 
the need for careful consideration of fusion construct length in 
preoperative planning for optimal clinical outcomes.

Type of surgical approach. The incidence of ASD 
following spinal surgery varies depending on the surgical 
approach; however, there is ongoing debate regarding which 
technique is most effective in minimizing postoperative ASD. 
PLIF, due to its increased rigidity, places greater mechanical 
stress on adjacent segments, resulting in a higher incidence 
of ASD compared with posterolateral fusion (PLF) (50). A 
retrospective study revealed that the incidence of ASD in 
PLIF patients is 3.4 times higher than in PLF patients, with 
the 10‑year ASD‑free survival rate being significantly lower 
in the PLIF group (51). By contrast, transforaminal lumbar 
interbody fusion (TLIF) causes less disruption to posterior 
spinal structures, reducing ASD occurrence compared with 
PLIF (52). Anterior lumbar interbody fusion, which accesses 
the spine through the abdomen, avoids posterior disruption 
and has been linked to a lower incidence of ASD compared 
with both PLIF and TLIF  (53). Furthermore, minimally 
invasive approaches, such as percutaneous fixation, cause less 
damage and significantly reduce ASD risk (16). Total disc 
arthroplasty was developed as an alternative to fusion, aiming 
to preserve segmental motion and potentially delay or prevent 
adjacent‑level degeneration (54). Studies suggest that patients 
undergoing ACDF with anterior revision surgeries have higher 
rates of recurrent radiculopathy and ASD compared with those 
undergoing posterior revisions  (55). Additionally, patients 
who undergo posterior cervical fusion tend to exhibit higher 
rates of early ASD compared with those who opt for anterior 
approaches (56). While the literature presents mixed findings 
regarding the risk of ASD with different surgical techniques, 
numerous uncontrollable variables, such as the severity of 
the condition, complicate the conclusions. Therefore, careful 
consideration of the surgical approach is crucial in planning 
SF surgeries to minimize the risk of ASD.

Tissue disruption during surgery. Tissue disruption during 
surgery, particularly damage to the paraspinal musculature, 
ligaments and facet joints, plays a critical role in ASD devel‑
opment. Surgical techniques that cause extensive damage to 
the paraspinal muscles, ligaments and joints significantly alter 
spinal biomechanics, thereby increasing stress on adjacent 
segments (57). One study has demonstrated a strong correla‑
tion between extensive joint resection and a higher incidence 
of ASD (57). Moreover, ASD is more commonly observed in 
the intervertebral disc above the fused segment rather than the 
segment below, probably due to the biomechanical changes 
that increase stress on the superior adjacent segment (3). This 
stresses the importance of preserving the superior facet joint 
capsule during the initial surgery, as it plays a key role in main‑
taining the stability and biomechanics of the adjacent upper 
segment, potentially preventing the development of ASD. 
Additionally, damage to the spinous processes and surrounding 
muscles during open surgery can lead to scar formation and 
alterations in spinal mechanics, further contributing to the 

ASD development (58). Comparative studies have shown that 
traditional open surgeries, which involve extensive muscle 
dissection, result in higher rates of ASD compared with mini‑
mally invasive surgeries, which improve the preservation of 
the integrity of surrounding tissues (57). Furthermore, research 
has indicated that minimally invasive surgeries, which cause 
less disruption to the paraspinal muscles and ligaments, are 
associated with a lower incidence of ASD (59).

Different fixation methods. It is well known that the 
primary goal of fusion is to alleviate pain and prevent 
further spinal deformity by stabilizing the affected vertebral 
segments. Therefore, different fixation methods aim to achieve 
physiological spinal motion and a higher fusion rate, improving 
biomechanical compatibility and reducing ASD (60). One study 
has shown that the more rigid the instrumentation used, the 
earlier ASD tends to develop after fusion (61). Varol et al (60) 
and Hsiao et al (62) found that, compared with traditional rigid 
systems, the Dynesys dynamic system induced less range of 
motion in adjacent joints and preserved the intervertebral disc 
structure of adjacent segments, thereby reducing the incidence 
of ASD. Further biomechanical studies have shown that the 
hybrid Dynesys‑Transition‑Optima system, composed of both 
dynamic (flexible and non‑fusion) and static (rigid and fusion) 
components, can significantly reduce the range of motion at 
the fusion level (L4‑L5), while improve the preservation of 
the mobility of stable segments. This results in a reduced 
range of motion at the transitional segments, which may help 
prevent the occurrence of adjacent segment degeneration (62). 
Similarly, research by Guan et al (63) revealed that non‑fusion 
techniques incorporating dynamic stabilization not only 
reduced the incidence of ASD but also maintained spinal 
stability.

Biological factors
Genetic predisposition. Although no direct studies have 
established a connection between ASD and genetic predispo‑
sition, evidence suggests a link between genetic factors and 
IDD, offering insights into ASD risk factors. A study of 205 
Japanese volunteers and patients aged 20‑29 found that the Tt 
genotype of the Taq I polymorphism in the vitamin D receptor 
was more frequently associated with multilevel disc disease, 
severe degeneration and disc herniation compared with the TT 
genotype, probably due to changes in the extracellular matrix 
(ECM) structure of the disc (7). Research indicates that carti‑
lage intermediate layer protein (CILP) expression increases as 
disc degeneration progresses (64). A recent case‑control study 
identified an association between degenerative disc disease in 
a Japanese cohort and the SNP +1184T→C in exon 8 of CILP. 
Given that CILP can bind to transforming growth factor‑β or 
insulin‑like growth factor‑1, it may regulate ECM synthesis 
in the intervertebral disc, altering the extracellular microenvi‑
ronment and promoting IDD (64). Furthermore, Research has 
highlighted that gene variations associated with inflammatory 
pathways, such as the functional SNP (+3954C→T) in exon 5 
of the IL‑1β gene, are linked to IDD and lower back pain (65).

Inflammatory mediators. Inflammatory cytokines, such 
as TNF‑α and IL‑1β, are also associated with the progression 
of the IDD (66). These mediators exacerbate degeneration by 
promoting catabolic processes within spinal tissues (66). One 
study suggested that targeting these inflammatory pathways 
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may be a viable strategy for preventing ASD (66). Elevated 
levels of IL‑1β, IL‑6, IL‑8 and TNF‑α have been observed in 
patients with degenerative disc disease (66,67). Chen et al (67) 
demonstrate in an animal model of SF associated with ASD 
that TNF‑α and IL‑1β expression in adjacent segment discs 
significantly increases over time. Additionally, research indi‑
cates that patients receiving TNF‑α inhibitors preoperatively 
experienced a markedly higher rate of reoperation within 1 year 
due to issues such as fusion failure and ASD (68). Additionally, 
macrophage migration inhibitory factor (MIF) has been iden‑
tified as a key factor in spinal degeneration. Research indicates 
that MIF may contribute to the hypertrophy of the lumbar 
ligamentum flavum in patients with type 2 diabetes mellitus, 
which is closely associated with the development of ASD (69). 
Furthermore, MIF can directly affect the vertebral endplates, 
modulating inflammation and matrix metabolism in degener‑
ated cartilage endplate chondrocytes through the activation 
of the ERK1/2 pathway (70). Thus, more clinical and animal 
studies focusing on inflammatory factors could provide new 
insights into ASD prevention.

Biochemical environment. The alteration of the local 
biochemical environment in the spine is closely associated with 
IDD, particularly concerning nutrient supply, oxygen tension 
and pH levels (71). Adequate nutrient supply is crucial for 
maintaining disc cell activity and preventing degeneration (72). 
Disruptions in these factors accelerate disc degeneration, with 
aging leading to diminished nutrient supply, reduced oxygen, 
lower pH and impaired extracellular matrix synthesis (71). 
Research indicates that the functionality of nucleus pulposus 
cells is affected by the transport characteristics of the carti‑
laginous endplate. Degenerated endplates hinder nutrient 
transport, worsening IDD (72,73). Gilbert et al (74) demon‑
strate that increased acidity (lower pH) reduces disc cells 
vitality and enhances pro‑inflammatory cytokines expression. 
Inhibiting acid‑sensing ion channel‑3 may offer therapeutic 
potential. Recent advances in understanding the biochemical 
environment of the spine have prompted the exploration of 
novel therapeutic approaches. For instance, the use of bioac‑
tive scaffolds and hydrogels has been investigated to enhance 
postoperative nutrient delivery and maintain intervertebral 
disc hydration (71,72). The alterations in the local biochemical 
environment of the spine, along with emerging therapeutic 
strategies, warrant further exploration for the prevention and 
management of ASD following SF surgery.

In addition to patient‑related, surgical and biological 
factors, other variables such as postoperative rehabilitation 
and lifestyle factors play a critical role in the development and 
progression of ASD following SF.

Other factors
Patient education, compliance and psychological factors. 
Education provided by healthcare professionals on postop‑
erative health and pain management significantly affects 
patient adherence and understanding of their condition (75). 
Thys et al (75) found that surgeons often impose stricter post‑
operative restrictions compared with physical therapists, some 
of whom advocate for no restrictions. Mental health condi‑
tions, including anxiety and depression, are risk factors for 
ASD following SF surgery (12,76). Studies found that preop‑
erative and early postoperative fear of movement significantly 

influences postoperative pain and functional rehabilitation in 
patients undergoing SF (77,78). Therefore, combining exercise 
rehabilitation programs with cognitive behavioral therapy and 
patient‑centered goal‑directed therapies may enhance patient 
recovery and help prevent postoperative ASD.

Smoking and alcohol. Alcohol consumption and smoking 
are potential risk factors for ASD following SF surgery, though 
the relationship remains debated. Smoking has been shown to 
reduced blood flow, lower oxygen levels and impair nutrient 
supply to spinal tissues. Additionally, smoking can decrease 
estrogen levels, increasing the risk of osteoporosis and spinal 
fractures, as well as the likelihood of pseudarthrosis in fusion 
surgery patients  (8). One study advocated for mandatory 
smoking cessation for at least four weeks postoperatively (8). 
Evidence shows that smokers have a significantly higher inci‑
dence of ASD following SF compared with non‑smokers (79). 
While the direct effect of alcohol on ASD is less studied, it is 
known to lower bone density, increase fracture risk and impair 
bone healing and regeneration, all of which may indirectly 
elevate the risk of ASD (80). However, one study argued that 
alcohol consumption and smoking are not risk factors for ASD, 
highlighting the limitations of retrospective research (20). 
Addressing lifestyle factors, such as smoking and alcohol 
consumption, is crucial in the management of patients under‑
going SF surgery. Healthcare providers should emphasize 
smoking cessation and reducing alcohol intake to mitigate the 
risk of ASD and improve overall surgical outcomes.

In summary, while the role of these factors (patient educa‑
tion, compliance, psychological health, smoking and alcohol 
use) may be under‑researched specifically in the context of 
ASD, their influence on broader spinal surgery outcomes is 
well‑established. Thus, they are highlighted as significant 
contributors to postoperative success and further investigation is 
encouraged to solidify these associations in the context of ASD.

3. Treatment strategies for ASD

Diagnosing ASD requires a comprehensive approach, 
combining clinical evaluation, imaging studies and patient 
history. Clinically, symptoms such as pain and recurrent neuro‑
logical deficits are assessed, while imaging (especially MRI 
and CT) help detect degenerative changes in adjacent segments, 
such as disc herniation and facet joint arthritis. One study indi‑
cated that symptomatic ASD occur in 16.5% of patients at five 
years and 36.1% at ten years post‑fusion (81), highlighting the 
importance of vigilant postoperative monitoring. Management 
strategies for ASD include conservative treatments and surgical 
interventions. Treatment recommendations should be individu‑
ally based on symptom severity, degree of degeneration, overall 
health status and patient preferences.

Conservative treatment. Conservative treatments are often the 
first line of defense in managing patients with ASD, particularly 
in those with mild to moderate symptoms. These treatments 
aim to relieve symptoms, improve functional capacity and 
delay the need for surgical intervention by addressing the 
mechanical and inflammatory aspects of ASD.

Postoperative rehabilitation therapy. Following SF surgery 
for degenerative spinal diseases, patients often experience a 
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protective state in the spine, making it challenging to full return 
to normal function quickly (82). Appropriate postoperative 
rehabilitation therapy not only improves functional capacity 
but also strengthens the muscles supporting the spine, helping 
distribute mechanical loads more evenly and reducing stress on 
adjacent segments (83). Although there is no consensus on the 
optimal timing, intensity and duration of rehabilitation after 
fusion surgery (83), early endurance and muscle strengthening 
exercises to restore core balance significantly enhance back 
strength, alleviate pain and reduce disability (83). Changes 
in paravertebral muscle size following cervical, lumbar and 
thoracolumbar fusion surgeries are significant risk factors 
for ASD (58,84,85). For instance, research by Xu et al (58) 
demonstrate a reduction in the functional area of the multif‑
idus and erector spinae muscles, along with an increase in the 
functional area of the psoas major muscle following L4‑S1 
PLIF. Furthermore, Zhou et al (82) reveal that gait alterations 
(such as stride length, speed and cadence) and post‑mini‑
mally invasive transforaminal interbody fusion may affect 
spinal‑pelvic and lower limb joint parameters, underscoring 
the importance of postoperative rehabilitation in preventing 
ASD. Research indicates that physical therapy methods such 
as flexion‑distraction techniques, high‑velocity low‑amplitude 
adjustments and thermotherapy may effectively relieve pain 
following fusion surgery (9,86). Additionally, therapies such as 
myofascial release and acupuncture, commonly used by chiro‑
practors, benefit postoperative care following lumbar fusion 
surgery (9). Gliedt et al (87) report that stimulating multiple 
acupuncture points and auricular therapy effectively reduces 
postoperative pain. Compared with traditional rehabilitation, 
electroacupuncture demonstrates significant improvements in 
functional recovery following lumbar fusion surgery (88). To 
address ASD risk factors, it is essential to develop a detailed 
postoperative rehabilitation treatment plan that involves 
collaboration orthopedic and rehabilitation physicians.

Pharmacological treatment. Similar to the initial treat‑
ment for degenerative disc disease and radiculopathy, ASD 
can be managed with physical therapy, rehabilitation therapies 
such as early back bracing and lifestyle modifications such 
as avoiding excessive weight and bending (89). Medication, 
including non‑steroidal anti‑inflammatory drugs, steroids and 
muscle relaxants, can relieve clinical symptoms (90). Recently, 
small molecule drugs such as naringin have shown promise in 
preventing further degeneration of disc cells and enhancing 
regeneration, but most are still in early stages and have not 
been applied in clinical studies (91). Non‑surgical treatment 
should be the first choice for ASD, as long as significant 
clinical improvement is observed, regardless of imaging 
findings (89). However, research comparing non‑surgical and 
surgical treatments for ASD is lacking, highlighting the need 
for more in‑depth studies.

Epidural steroid injections (ESIs). Research indicates 
that ~20% of patients experience pain following surgeries 
for spinal stenosis or herniated discs, necessitating additional 
measures to alleviate this pain (92). When conservative treat‑
ments such as rehabilitation techniques and pharmacotherapy 
prove ineffective, ESIs may be used. Corticosteroids reduce 
inflammatory and edema by inhibiting inflammatory media‑
tors, resulting in pain relief (93). Interventional treatments via 
different approaches, such as interlaminar, transforaminal and 

caudal, demonstrate promising outcomes for various types of 
chronic back pain (93). For instance, Song et al demonstrated 
that both transforaminal and caudal ESIs effectively allevi‑
ated chronic pain and improved function following spinal 
surgery (92). Additionally, Park et al showed that nerve root 
blocks and interlaminar epidural steroid injections were 
effective in relieving cervical radicular pain and enhancing 
function (94). While the relief provided by nerve root blocks 
is typically temporary, they can be used as a diagnostic tool 
to confirm the source of a patient's symptoms and guide 
further treatment decisions. However, the efficacy of ESIs in 
the treatment of ASD warrants further clinical investigation to 
establish its benefits conclusively.

Facet joint interventions. ASD following SF surgery 
often involves degeneration of the facet joints, which can 
cause referred or radicular pain  (95). Direct injection of 
medications into affected facet joints or thermal ablation 
to target pain‑transmitting nerve fibers are viable treat‑
ment options (95). Evidence‑based guidelines for managing 
chronic spinal pain recommends various facet joint 
interventions, including corticosteroid injections, saline 
injections, facet joint nerve blocks and radiofrequency abla‑
tion, depending on the specific spinal segment involved (96). 
Recently, procedures guided by ultrasound or CT improved 
the accuracy, safety and efficacy of these interventions (97). 
For example, Wong  and R ajarathinam  (97) demonstrate 
that the accuracy of ultrasound‑guided injections into the 
cervical facet joints and their innervating nerves ranged from 
78‑100%, while the accuracy for lumbar facet intra‑articular 
injections was between 86‑100%. Compared with fluoros‑
copy or CT‑guided methods, ultrasound guidance resulted 
in shorter procedure times with comparable pain relief 
outcomes (97). Similarly, research by Suputtitada et al (98) 
demonstrate that intra‑articular injections of saline, cortico‑
steroids and anesthetics provide favorable long‑term clinical 
outcomes for patients with chronic low back pain. For 
patients who do not achieve long‑term relief from facet joint 
injections, radiofrequency ablation (RFA) is a minimally 
invasive procedure that targets the nerve fibers transmitting 
pain signals from the degenerated facet joints (99). By using 
heat to ablate these nerve fibers, RFA provides longer‑lasting 
pain relief compared with injections alone (99). A study has 
shown that RFA can significantly reduce pain and improve 
function in patients with chronic low back pain‑related facet 
joint degeneration, making it a valuable tool in the interven‑
tional management of ASD (99). However, these treatment 
modalities are insufficiently emphasized in the management 
of ASD, with limited related literature available. Orthopedic 
surgeons should not focus solely on surgical interventions 
for ASD.

Surgical interventions. In cases of ASD following SF, 
only 6% of patients with significant clinical symptoms require 
additional surgical intervention (90). Surgical interventions 
are a crucial treatment option for patients with ASD, espe‑
cially when conservative therapies fail to provide adequate 
symptom relief or when significant spinal instability and 
neurological deficits are present  (16). Spinal instability or 
structural deformities, such as kyphosis or spondylolisthesis, 
often require surgical correction to prevent further degen‑
eration and potential damage to the spinal cord or nerve 
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roots (16). However, as with any surgical procedure, there are 
risks involved, including the potential for further degenera‑
tion at other levels of the spine. Careful preoperative planning 
and postoperative rehabilitation are essential to optimize 
outcomes and minimize complications. The choice of surgical 
procedure depends on the specific pathology and the patient's 
overall health status.

Total disc replacement (TDR). TDR is an alternative to 
fusion that involves replacing the degenerated disc with an 
artificial disc. TDR has emerged as a significant alternative to 
traditional fusion techniques for the treatment of degenerative 
disc disease and ASD. The primary advantage of TDR is its 
ability to preserve motion at the affected segment, which is 
in contrast to fusion, where the vertebrae are permanently 
immobilized (100). By maintaining the natural biomechanics 
of the spine, TDR reduces the mechanical stress placed on 
adjacent segments, potentially decreasing the risk of degen‑
eration at these levels (100). TDR shows favorable outcomes 
in selected patients, with improvements in pain, function and 
range of motion (100). Rajakumar et al (100) demonstrate that 
cervical TDR surgery effectively alleviates nerve compres‑
sion‑related symptoms caused by ASD following ACDF. 
Additionally, none of the patients required further surgery 
at the same vertebral level during the three‑year follow‑up 
period. A study demonstrated that in the treatment of ASD, 
TDR provided an improved range of motion at C2‑C7 over 
a follow‑up period of more than one year compared with 
ACDF (40.2 vs. 35.1 ;̊ P=0.001)  (101). Additionally, TDR 
shows comparable outcomes in terms of improvement in the 
neck disability index, neck visual analog scale and upper limb 
function (101). However, TDR is not suitable for all patients, 
particularly those with pre‑existing joint degeneration. One 
study showed no difference in the incidence of ASD between 
TDR and fusion surgery (102). This finding necessitates more 

rigorous evaluation of the efficacy of TDR for treating ASD 
post‑fusion surgery, including larger sample sizes and longer 
follow‑up periods. Therefore, careful patient selection is 
crucial to ensure the success of the procedure.

Extension of fusion. Extended fusion surgery has been 
extensively studied and widely applied as an effective 
intervention for treating ASD following SF. This approach 
aims to reduce degeneration caused by biomechanical stress 
transfer by extending the fusion to include affected adjacent 
segments (103). It is particularly suitable for patients with 
significant ASD and accompanying clinical symptoms, such 
as spinal instability (90). This method involves the addition 
of instrumentation and performing fusion at the affected 
segments to stabilize the spine  (104). Research indicates 
that combining extended fusion with decompression surgery 
alleviates symptoms and reduces the need for subsequent 
surgeries during long‑term follow‑up  (104). However, 
compared with traditional surgeries, extended fusion is 
associated with greater trauma, longer operative times and 
potential complications (105). To address these drawbacks, 
recent advancements introduced modified techniques, such 
as using connectors to extend fixation without removing the 
existing hardware, which was showed to significantly reduce 
surgical trauma and costs (106). Nonetheless, further random‑
ized controlled trials are essential to determine the long‑term 
outcomes of various surgical strategies, particularly in the 
context of advancing minimally invasive techniques.

Decompression surgery. Decompression surgery is recom‑
mended for patients with significant nerve root compression, 
leading to radiculopathy or myelopathy following SF. However, 
it is not ideal for patients with pre‑existing spinal kyphosis 
or instability  (90,107). Procedures, such as laminectomy, 
laminoplasty and foraminotomy, aim to relieve the spinal 
cord or nerve roots pressure, alleviating pain and improving 

Table I. Treatment strategies for adjacent segment disease.

Treatment strategies	 Treatment method	 (Refs.)

	 Postoperative rehabilitation therapy	 (9,57,83‑89)
	 Pharmacological treatment	 (91,92)
Conservative treatment	E pidural steroid injections	 (93‑95)
	 Facet joint interventions	 (97‑100)
	 Total disc replacement	 (101,102)
	E xtension of fusion	 (105‑107)
	D ecompression surgery	 (108‑110)
Surgical interventions	 Minimally invasive surgery	 (111‑115)
	O blique lateral interbody fusion	 (116‑118)
	 Zero‑profile interbody fusion	 (120,121)
	 Stem cell and exosome therapies	 (123,124)
	 Annulus fibrosus repair	 (124)
Emerging treatments	 Tissue engineering	 (123)
	N anoparticle drug delivery systems	 (126)
	 Growth factor injections	 (126)
	 3D‑printed interbody cages and PEEK cage	 (127,128)

PEEK, polyetheretherketone.

https://www.spandidos-publications.com/10.3892/mmr.2024.13398
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neurological function (107). Yang et al (107) found that lami‑
nectomy with instrumentation effectively improves symptoms 
and function in ASD patients following anterior cervical 
corpectomy and fusion (ACCF), though lordosis gradually 
declined. He et al (108) report that in ASD patients following 
ACCF or ACDF, laminoplasty provides satisfactory clinical 
outcomes when cervical lordosis was <10˚ and spinal canal 
encroachment occupied <50% of the canal's cross‑sectional 
area. Früh et al (109) showed that microscopic decompression 
reduced operative time and trauma in lumbar ASD. However, 
microscopic surgery significantly reduced operative time and 
surgical trauma.

Minimally invasive surgery (MIS). MIS has become an 
essential approach in the management of ASD due to its 
numerous benefits over traditional open surgery (59). MIS 
techniques, such as endoscopic decompression, minimally 
invasive fusion and robot‑assisted cortical bone trajectory 
(CBT) screw fixation, aim to minimize the damage to para‑
spinal muscles, ligaments and other soft tissues, which are 
often compromised in open procedures. The preservation of 
these structures is critical for maintaining spinal stability 
and reducing the risk of further degeneration in adjacent 
segments (59). Han et al (110) demonstrate that percutaneous 
endoscopic lumbar foraminotomy and interlaminar decom‑
pression effectively alleviate ASD symptoms following 
lumbar decompression surgery. Feng et al (111) report that 
for elderly patients with ASD following lumbar fusion, 
presenting with unilateral radiculopathy or intermittent clau‑
dication and showing radiographic stability, percutaneous 
full‑endoscopic lumbar discectomy is a viable alternative. 
Additionally, one study showed favorable outcomes with the 
unilateral biportal endoscopic approach (112). Furthermore, 
minimally invasive discectomy, without fusion, proves effec‑
tive in treating new‑onset cervical disc herniation in patients 
with previous multilevel fusion (113). Robot‑assisted CBT 
screw fixation is identified as an effective salvage strategy for 
ASD after lumbar fusion (114). Moreover, MIS techniques 
can be combined depending on the disease characteristics, 
such as integrating percutaneous spinal endoscopy with 
fusion techniques and CBT screw placement (59). However, 
no standardized criteria currently exist for selecting surgical 
methods and further studies with larger sample sizes and 
longer follow‑up periods are needed to evaluate the efficacy 
of these revision surgeries.

OLIF (Oblique lateral interbody fusion) technique. 
The OLIF technique accesses the intervertebral disc via the 
natural corridor between the peritoneum and the psoas muscle, 
minimizing trauma to posterior muscles, ligaments and other 
structures (115). This approach reduces the risks of vascular 
and nerve plexus injuries, as well as postoperative low back 
pain (116). OLIF also facilitates the removal of substantial 
disc tissue, increasing the fusion surface area, which enhances 
fusion rates (115,116). OLIF alone is an effective option for 
symptomatic adult ASD (115). Compared with PLIF, OLIF 
demonstrates superior outcomes in terms of the operative 
time, blood loss, postoperative complications and restoration 
of disc height (116). However, OLIF provides only indirect 
decompression, which may be inadequate for patients with 
large disc herniations, ossifications, or spinal stenosis (115). 
One study indicated that complication rates after lateral 

approaches (lateral lumbar interbody fusion, LLIF or OLIF) 
and posterior approaches (PLIF or TLIF) are similar when 
treating ASD. Lateral approaches may increase the risk of 
radicular pain due to manipulation of the psoas muscle (117). 
Therefore, surgical decisions must be carefully tailored to the 
specific characteristics of the patient's ASD.

Zero‑profile (Zero‑P) interbody fusion for cervical ASD. 
With the increasing clinical application of ACDF and ACCF 
and longer follow‑up periods, ASD has gained attention from 
spine surgeons, with a number of cases requiring surgical 
treatment. Scar tissue and prior anterior fixation devices limit 
the space for revision surgeries, often necessitating hardware 
removal, which prolongs operative time and increases blood 
loss (118). The Zero‑P system, a stand‑alone device developed 
for ACDF, reduces complications such as dysphagia and 
esophageal injury while providing the benefits of fusion and 
anterior plating (119). However, one study suggested that the 
Zero‑P system is not recommended for single‑segment ASD 
cases with severe ossification of the posterior longitudinal 
ligament, osteoporosis, or vertebral fractures (120). Moreover, 
there is a lack of prospective studies and long‑term follow‑up 
observations on its use in ASD surgeries, raising concerns 
about its long‑term efficacy and safety in these specific patient 
populations.

4. Emerging treatments and future directions

Compared with primary lumbar fusion surgery, revision 
lumbar fusion is linked to higher rates of reoperation and 
subsequent revision surgeries  (121). This can lead to a 
vicious cycle, particularly in younger patients undergoing 
SF. Therefore, innovative treatments for IDD are urgently 
needed. Recent advances in biological therapies offer 
potential solutions in this area, providing new hope for more 
effective interventions. Techniques or materials such as 
stem cell and exosome therapies, growth factor injections, 
annulus fibrosus repair, tissue engineering, biocompatible 
interbody cages made from polyetheretherketone (PEEK), 
3D‑printed implants and nanoparticle drug delivery systems 
were designed to promote the regeneration and repair of 
intervertebral discs (122‑127). Yu et al  (122) demonstrate 
that transplanting of menstrual blood‑derived stem cells 
embedded in collagen I gel into annulus fibrosus defects 
after discectomy in rats preserves disc structure and 
prevents post‑discectomy disc degeneration. Jia et al (123) 
found that injecting acellular/drug hydrogels with nucleus 
pulposus‑matched viscoelasticity maintains the viability of 
nucleus pulposus cells under pathological loading condi‑
tions, showing potential for post‑discectomy repair. In a 
study of patients 12 weeks post‑discectomy, autologous disc 
chondrocyte transplantation provided long‑term pain relief 
over a two‑year follow‑up period, although it did not alter 
disc height (124). Meng et al (125) developed a high‑strength 
smart microneedle capable of locally penetrating annulus 
fibrosus tissue, with near‑infrared remote‑controlled drug 
release to restore the biomechanical properties of the disc. 
The studies of Dou et al (126) and Wang et al (127) demon‑
strate that posterior lumbar decompression, fixation and 
fusion effectively reconstructs lumbar stability, with fusion 
rates for 3D‑printed interbody cages and PEEK cage groups 
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reaching 89.13 and 90.91%, respectively. Notably, excel‑
lent interbody fusion can be achieved without the need for 
bone grafting (126,127). Encouragingly, a number of other 
biological therapies such as gene editing technologies were 
currently under investigation. However, since most of these 
therapies remain in the experimental stage (Table I), further 
research is necessary to establish their efficacy and safety in 
clinical practice.

5. Conclusion and future perspectives

While fusion itself may exacerbate the degeneration of adja‑
cent spinal levels, the question of whether ASD results from 
the natural progression of the disease or the fusion surgery 
itself remains contentious (128). The present review identified 
several potential risk factors for ASD following SF, including 
patient‑related variables such as age, BMI, BMD, diabetes and 
overall health, as well as surgical factors such as the length of 
the fusion segment, the surgical approach and specific tech‑
nical choices (Fig. 1).

In conclusion, ASD remains a challenging complication 
of spinal fusion surgery, with both mechanical and biological 
factors contributing to its development. Current treatment 
strategies, including conservative management, interventional 
procedures and surgical interventions, provide varying levels 
of relief, but the risk of further degeneration persists. Emerging 
treatments, such as stem cell therapy, exosome‑based treat‑
ments and gene therapy, offer promising new avenues for 
addressing the underlying causes of ASD. These therapies 
aim to restore the biomechanical and biochemical environ‑
ment of the intervertebral disc, potentially reducing the need 

for revision surgeries. MIS techniques also show potential 
in reducing tissue damage and promoting faster recovery, 
further contributing to improved long‑term outcomes for 
ASD patients.

Future research should focus on large‑scale clinical trials 
to validate the safety and efficacy of these emerging thera‑
pies. Additionally, multidisciplinary approaches that integrate 
biological, mechanical and patient‑specific factors will be 
essential for optimizing treatment strategies and improving 
patient outcomes.
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