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BACKGROUND AND OBJECTIVES: Proximal junctional kyphosis (PJK) and proximal junctional failure (PJF) remain 
significant complications after long-segment posterior fusion for adult spinal deformity. Preventive strategies—including 
tethering, vertebral cement augmentation (VCA), hooks, trajectory modifications, and alignment optimization—have 
been proposed, but comparative evidence remains heterogeneous. The objective of this narrative review is to synthesize 
current biomechanical and clinical evidence, prioritize clinically meaningful end points (revision and PJF), and differ-
entiate them from purely radiographic PJK.
METHODS: Narrative review of biomechanical and clinical studies (cadaveric, finite-element, retrospective/prospective 
cohorts, and meta-analyses) evaluating tethering configurations (first/second level above the upper instrumented 
vertebra, crosslink anchoring), hooks, VCA, screw-trajectory/multilevel sublaminar stabilization, and alignment/frailty-
informed selection. Dual screening and data extraction with consensus adjudication and qualitative synthesis were 
performed due to heterogeneity; no new meta-analysis was conducted.
RESULTS: Posterior ligamentous augmentation (sublaminar/weave tethers) demonstrates the most consistent ob-
served reduction in PJK and PJF, with the strongest signals at second level above the upper instrumented vertebra and 
when combined with age-adjusted alignment and patient-risk optimization. Complications are rare but include the risk 
of laminar/dural injury, band elongation, and increased implant cost and learning curve. VCA mainly addresses fracture-
type PJF in low bone mineral density/elderly patients with device-specific risks; hooks may soften the proximal transition 
but have mixed clinical results. Biomechanics support moderate tether preload and careful anchor selection; artificial 
intelligence risk tools remain supplementary pending external validation. Evidence quality is limited by retrospective 
designs, variable definitions, and short-term to mid-term follow-up.
CONCLUSION: Tethering is an effective adjunct—not a stand-alone solution—best used within a multimodal strategy 
(bone health, frailty, and age-adjusted alignment), with selective application of hooks or VCA based on failure mode risk. 
Standardized, prospective multicenter studies are necessary to determine long-term durability and comparative 
effectiveness.

KEY WORDS: Proximal junctional kyphosis, Proximal junctional failure, Adult spinal deformity, Tethering, Cement augmentation, Screw trajectory 
modification

ABBREVIATIONS: AI, artificial intelligence; ASD, adult spinal deformity; FE, finite element (modeling); ML, machine learning; MLSS, multilevel sublaminar 
stabilization; PJA, proximal junctional angle; PJF, proximal junctional failure; PJK, proximal junctional kyphosis; UIV, upper instrumented vertebra; UIV+1/ 
UIV+2, first/second level above the upper instrumented vertebra; VCA, vertebral cement augmentation.
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L ong-segment posterior spinal fusion is a vital surgical 
method for adult spinal deformity (ASD), aiming to correct 
misalignment, reduce pain, and improve function. How-

ever, its success may be hindered by proximal junctional kyphosis 
(PJK), usually defined by a proximal junctional angle (PJA)
of ≥10° and at least 10° greater than preoperative values, according 
to Glattes et al. 1

Further studies refine this definition by using absolute thresholds 
of 15° to 20°, normal level-specific ranges, or changes exceeding 2 SD 
above age-matched data. 2 Recent research also suggests that defining 
PJK when postoperative PJA exceeds 20° or the change from baseline 
is >15°, emphasizing both absolute and relative criteria. 3

Others highlight the distinction between radiographic PJK and 
clinically significant progression, in which a PJA ≥28° or the need 
for revision surgery indicates proximal junctional failure (PJF). 4 

These changing definitions contribute to variability in incidence 
rates (17%-60%) and make cross-study comparisons difficult.
Therefore, we note each study’s definition and prioritize PJF or 

revision-requiring events in clinical analysis. The significance of PJK 
lies not only in its frequency but also in its potential to progress to 
PJF, which can lead to structural failure, instability, or neurological 
complications. Yagi et al 5 reported that PJF worsens outcomes and 
often requires revision, increasing risks, costs, and complexity.
This review focuses on adult thoracolumbar long-segment 

posterior fusions (generally ending in the lower thoracic spine), 
excluding pediatric idiopathic scoliosis and isolated cervical 
constructs unless failure modes are directly comparable. We 
synthesize biomechanical and clinical evidence on proximal 
tethering and compare it with hooks, modified screw trajectories 
(MLSS), and vertebral cement augmentation (VCA), considering 
alignment and patient optimization (bone health, frailty, muscle 
quality). We explicitly interpret signals using age-adjusted 
alignment frameworks and highlight clinically critical outcomes 
(PJF/revision) over radiographic change alone. The anatomic 
relationships of the proximal junction and tether placement are 
illustrated in Figure 1.

METHODS

Design and rationale. This study is a narrative review with structured 
search components. It is not a systematic review, and it was not preregistered. 
Our study adopts a postpositivist synthesis approach to integrate diverse study 
designs (biomechanical models, retrospective and prospective cohorts, meta-
analyses) for which de novo quantitative pooling was unsuitable; it em-
phasizes mechanisms and comparative signals across modalities.

Design and Rationale
This study is a targeted narrative review that synthesizes clinical and 

biomechanical evidence on strategies to prevent PJK and failure after ASD 
surgery. It was not conducted as a systematic review and was not pro-
spectively registered. A structured literature search was conducted to 
enhance transparency; however, formal Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses guidelines and risk-of-bias

assessment tools were not used due to the heterogeneity of study designs 
and outcomes.

Data sources and search. PubMed and MEDLINE (January 2005– 
October 2025) were searched using combinations of “proximal junctional 
kyphosis/failure,” “tether/ligamentous augmentation,” “vertebral cement 
augmentation,” “hook,” “multilevel sublaminar stabilization,” “upper 
instrumented vertebra,” “adult spinal deformity,” and “sagittal align-
ment.” Backward and forward citation searches supplemented the da-
tabases. The final database search was conducted in October, 2025.

Eligibility included: (1) clinical cohorts reporting PJK/PJF or revision 
after long-segment thoracolumbar fusion; (2) biomechanical cadaveric or 
finite-element studies; (3) systematic reviews or meta-analyses of pro-
phylaxis; and (4) alignment, frailty, or artificial intelligence (AI) risk 
models associated with junctional failure. Eligibility excluded: case re-
ports, pediatric idiopathic scoliosis, and purely cervical constructs unless 
failure modes were comparable.

Study selection and data extraction were conducted by 2 reviewers, 
who independently screened titles/abstracts, then full texts, with con-
sensus used to resolve disagreements; inclusion was stopped once con-
ceptual saturation was reached. A standardized extraction sheet recorded 
details on design, sample size, upper instrumented vertebra (UIV) level, 
targets/definitions of alignment, PJK/PJF criteria, follow-up duration, 
complications, and effect estimates. No new meta-analysis was conducted 
due to heterogeneity; instead, we qualitatively compared modality-
specific effects on radiographic PJK vs structural PJF and related find-
ings to the context of alignment and frailty. The analysis codes were 
repeatedly refined by modality (tethers, hooks, VCA, trajectory/MLSS) 
and failure mode (PJK vs PJF).

The literature mainly reflects adult thoracolumbar long-segment fu-
sions at tertiary centers. Publicly available data only (institutional review 
board not required). Duplicates are removed; secure data management 
includes an audit trail; key extractions are verified twice. Methodological 
rigor, which was enhanced through dual screening and extraction, tri-
angulation (clinical + biomechanical), predefined rules for discordant 
PJK/PJF definitions, and notes on sensitivity by UIV level, age/frailty, 
and bone quality.

Units of study include approximately 28 clinical cohorts with over 
5000 patients, 8 biomechanical/finite element (FE) studies, and 5 sys-
tematic reviews or meta-analyses conducted between 2005 and 2025. The 
median clinical follow-up is approximately 2 years (range, 1-4 years). 
Most constructs were terminated at T9-T11.

Search Transparency and Selection Process
To enhance transparency in this narrative synthesis, we provide a 

summary of search terms, databases, and high-level study selection logic 
(Supplemental Digital Content 1, http://links.lww.com/ONS/B324).

Limitations of the method include no preregistered protocol and 
heterogeneity in definitions, constructs, and follow-up prevented de novo 
pooling; existing meta-analyses are cited and contextualized. The overall 
search strategy and study selection process are illustrated in Figure 2.

RESULTS

Study Selection and Characteristics
Study selection and characteristics included clinical cohorts, 

biomechanical/cadaveric and FE models, and systematic reviews/
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meta-analyses evaluating tethers [first/second level above the 
upper instrumented vertebra (UIV+1/+2); ± crosslink anchoring], 
hooks, VCA, screw trajectory/MLSS, soft-tissue–preserving ap-
proaches, and alignment/AI frameworks. 6-40 Definitions varied;

follow-up was typically around 1 to 4 years; most constructs 
terminated at lower thoracic UIV (T9-T11).

Clinical Effectiveness of Tethering
Translaminar and weave tethering at UIV+1/+2 was associated 

with reduced radiographic PJK and fewer significant clinical
failures. A representative cohort showed a lower rate of late PJK 
with tethers (16%) than without (41%; P = .037). 12,13 In a series
of 71 patients with weave-tethering (average age 66), radiographic 
PJK occurred in 15%, symptomatic PJK in 8.8%, and revision for 
PJK in 2.9%, with a mean ΔPJA of about 4°, and most events 
happened within 2 months after surgery. Multivariable analyses 
identified tethering as independently protective, especially in 
lower-thoracic terminations (e.g., OR ≈ 0.063). 14 A meta-analysis 
of 1333 cases showed lower odds of PJK (OR 0.54) and PJF (OR 
0.23) with posterior ligamentous augmentation compared with no 
augmentation. 21 These benefits lasted across different age groups 
and follow-up periods and were most evident at UIV T9-T11 and 
in older or low-bone mineral density (BMD) profiles. 15,19,24,25 

Complications were rare, although a learning curve and implant 
costs were noted. 15,17,27

In pooled analyses, posterior ligamentous augmentation was 
associated with reduced odds of PJK (OR 0.54) and PJF (OR 
0.23), reinforcing the consistency of observed clinical signals 
across retrospective cohorts.
Even with tether use, suboptimal alignment—particularly 

overcorrection or failure to restore age-adjusted LL—remains a 
dominant driver of PJK/PJF. Tethers modulate the mechanical

FIGURE 1. Proximal junction anatomy and tether placement. High-resolution 3-dimensional rendering demonstrating the UIV,
adjacent segments (first level above the UIV and second level above the UIV), posterior tension band structures, pedicle screws,
tether anchor, and transition zone between the rigid construct and native spine. See manuscript references6-9; hooks10; vertebral
cement augmentation.11 PS, pedicle screws; TE, tethers; TPH, transverse process hooks; UIV, upper instrumented vertebra.

FIGURE 2. Literature search and selection flow (narrative review). Records
identified (PubMed/MEDLINE, 2005-2025): ∼450. Records screened by
title/abstract:∼220. Full-text articles assessed:∼120. Studies included in the
narrative synthesis comprised 28 clinical cohorts, 8 biomechanical/finite-
element studies, and 5 systematic reviews/meta-analyses. Exclusion reasons
included pediatric-only populations, cervical-only constructs with noncom-
parable failure modes, case reports, nonrelevant biomechanical models, and
insufficient reporting of PJK/PJF outcomes. PJF, proximal junctional failure;
PJK, proximal junctional kyphosis.
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transition zone but cannot offset the increased proximal junc-
tional stress produced by global malalignment. Thus, alignment 
correction and tethering operate synergistically rather than 
independently.

Construct-Specific Failure Modes (Tethers, Hooks, VCA, 
MLSS)
Tethers most consistently blunt catastrophic and structural PJF 

(vertebral body fracture at UIV/UIV+1; posterior element failure 
with listhesis or subluxation; implant-bone interface failure) even 
when effects on minor radiographic PJK are modest. 12,14,19

Representative imaging of structural PJF is shown in Figure 3. 
VCA preferentially addresses fracture-type PJF in low-BMD and
elderly patients but carries risks such as cement leakage, adjacent 
fractures, and pulmonary embolism. 11,28,42 Hooks may soften 
the proximal transition at high-thoracic upper levels but show 
mixed clinical impact on PJK and PJF. 11 Distinguishing radio-
graphic PJK from structural PJF clarifies counseling and patient 
selection. 43

Comparative Effects and Adjunctive Modalities
Direct head-to-head data are limited; nonrandomized com-

parisons suggest an added benefit of anchoring tethers to cross-
links, compared with tethers alone or no augmentation (lower PJK 
and fewer revisions). 12 Across modalities, posterior ligamentous 
augmentation shows the most consistent pooled evidence, while 
the evidence for hooks and prophylactic cement remains vari-
able. 19 A 2025 meta-analysis indicated that VCA reduces revision 
rates by approximately 71% in older or low BMD patients, with 
mixed pooled effects on PJF. 11 A summary of comparative effect 
estimates across prophylactic strategies is shown in Figure 4. 
Comparative clinical signals across modalities are summarized in 
Table 1, with interpretation anchored to age-adjusted alignment 
frameworks.

Biomechanical Evidence
FE/cadaver studies show tethers smooth stiffness transitions 

and reduce junctional stress/range of motion. 16,17,30 UIV+2 
outperforms UIV+1; multi-level spans provide greater stress re-
duction; moderate preload (<100 N) is protective, whereas 
overtensioning concentrates stress. 28,29 The biomechanical ra-
tionale for UIV+2 tethering and stress transition is illustrated 
in Figure 5. Tether configurations and preload principles are

summarized in Figure 6. Crosslink anchors reduce stress/range of 
motion more than pedicle/spinous anchoring in models; polyester 
bands elongate under cyclic loading (durability concern). 7 Hybrid 
constructs (tether + polyether ether ketone/“topping-off”) further 
smooth biomechanical transitions; clinical validation is still 
early. 8,30 Key biomechanical findings across tether configurations, 
preload strategies, and anchor types are summarized in Table 2. 
Whole-human finite-element simulations demonstrating the
biomechanical effects of posterior tethering are shown in Figure 7.
Other preventive strategies include hooks (laminar/transverse 

processes), which may be beneficial above T8 or in osteoporosis, 
although the results are mixed. 31,44-47 VCA (UIV ± UIV+1) can 
reduce complications and revisions in selected low-BMD or el-
derly patients but is not recommended for routine prophylaxis due

FIGURE 3. A-F, Proximal junctional failure after long-segment fusion. Representative standing and supine radiographs with
corresponding computed tomography imaging demonstrating structural proximal junctional failure after long-segment posterior
spinal instrumentation. Imaging highlights characteristic findings, including vertebral body fracture, hardware-related stress
concentration, and disruption at the upper instrumented vertebra or second level above the upper instrumented vertebra.
Differences between weight-bearing and supine positioning emphasize the dynamic nature of junctional instability. These
findings illustrate the mechanical vulnerability of the proximal junction and the clinical relevance of strategies to mitigate stress
concentrations in this region. Credit: Reproduced from Lim et al,41 © Springer Nature. Licensed under Creative Commons CC
BY 4.0.

FIGURE 4. Evidence map of prophylactic modalities. Summary of reported
effect estimates where available. Posterior ligamentous augmentation
demonstrates reduced odds of PJK (reported odds ratio 0.54) and PJF
(reported odds ratio 0.23) in meta-analyses, while vertebral cement aug-
mentation demonstrates approximately 71% relative reduction in fracture-
type PJF in selected elderly/low bone mineral density populations (refs10,14,
21). PJF, proximal junctional failure; PJK, proximal junctional kyphosis.
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to device-specific risks. 9,11,31 Screw trajectory/MLSS: avoid cranial 
UIV screw angles; caudal or parallel trajectories and MLSS may lower 
the risk of PJK, although comparative data vs tethers are limited. 38-40 

Soft-tissue preservation and transition materials are based on theo-
retical rationale, but outcome evidence remains limited. 10,21-23

Patient Optimization Factors
Age-adjusted alignment reduces the risk of junctional com-

plications; both overcorrection and under-correction increase it. 37 

Age-adjusted alignment criteria reduce the overcorrection risk that
has been consistently associated with ligamentous failure and 
fracture-type PJF. Bone health optimization (e.g., teriparatide/ 
romosozumab as indicated, vitamin D repletion, timed bi-
sphosphonates) and prehabilitation target modifiable risk fac-
tors. 35,36 Tether protection seems to last longer in higher-risk 
profiles, such as older, frail, or low-BMD patients, especially at the 
lower thoracic UIV. Combining tethers with VCA is used in 
severe osteoporosis, but its superiority over tethers alone remains 
unproven. 6,11,14,48 A structured patient optimization framework 
integrating bone health, frailty, alignment, and adjunct selection is 
outlined in Table 3.

AI/Predictive Modeling Evidence
Current machine learning (ML) models (random forests, 

support vector machines, deep networks) using age, body mass 
index, BMD, frailty, muscle quality, alignment, and sometimes 
MRI soft-tissue features can stratify mechanical risk, 38,39 but 
often perform similarly to logistic regression; they should be 
considered adjuncts, not substitutes for mechanical prophylaxis. 49

To date, no existing ML model for PJK/PJF has undergone 
robust external validation. Therefore, these tools should be used

strictly for risk stratification and should not influence specific 
operative planning decisions.
The literature is dominated by retrospective, single-center 

cohorts with variable PJK/PJF definitions, heterogeneous con-
structs, and short-term to mid-term follow-up; we therefore 
triangulated biomechanical and clinical signals and framed con-
clusions by UIV level, alignment strategy, and bone/frailty 
context. 15-19,27 Modality-specific complications, failure modes, 
and technical considerations are summarized in Table 4. Key 
landmark clinical and biomechanical studies informing current 
prophylactic strategies are summarized in Table 5.

DISCUSSION

Preventing PJK/PJF remains a key focus in ASD care. Con-
verging evidence supports combining age-adjusted alignment with
proximal prophylaxis to reduce mechanical failures and improve 
short-term value by reducing reoperations. 49 As shown in this 
review, current evidence strongly endorses proximal tethering— 
especially translaminar/weave techniques at UIV+2—as a prac-
tical addition, with consistent reductions in PJK across retro-
spective series and meta-analyses. 15,19,24

Because most available evidence derives from retrospective and 
nonrandomized cohorts with limited long-term follow-up, rec-
ommendations should be interpreted as associative signals rather 
than definitive, causally established standards of care.
It is essential to interpret these findings with caution because the 

vast majority of available studies are retrospective, single-center co-
horts with short-term to mid-term follow-up (<5 years). This evi-
dentiary landscape limits the strength of any causal inferences and 
reduces generalizability across diverse patient populations and surgical

TABLE 1. Comparative Clinical Outcomes Across Modalities With Interpretation Anchored to Age-Adjusted Alignment Targets When Available

Modality Typical indication/use case Summary of clinical signal Key outcome notes

Translaminar/weave tether 
(UIV+1/UIV+2)

Broad ASD prophylaxis; 
strongest data when UIV in 
lower thoracic

Consistent reduction in PJK; 
protective in multivariable 
models; benefit greatest at UIV+2

Cohorts report ∼16% vs 41% PJK (P = 
.037) in tethered vs nontethered; low 
revision rates in WTT series

Posterior ligamentous 
augmentation (tethers/bands, 
mixed anchors)

Mixed constructs, varied anchors 
(incl. crosslinks)

Pooled evidence shows reduced 
odds of PJK and PJF vs no 
augmentation

Effect holds across age groups and 
alignment strategies

Proximal hooks (laminar/TP at 
UIV)

Soft-landing at high thoracic UIV; 
facet-preserving strategy

Mixed clinical results; reduction in 
select subgroups

Consider when facets preserved and 
termination is high thoracic

Vertebral cement augmentation 
(UIV ± UIV+1)

Very low BMD/elderly; fracture-
type PJF risk

Trend toward fewer junctional 
complications/revisions; 
heterogeneous evidence

Balance benefits vs risks of leakage, 
adjacent fracture, embolism

Screw trajectory/MLSS Avoid cranial UIV screw angle; 
distribute forces to UIV+1/2

Early data: lower PJK with caudal/ 
parallel UIV screws; MLSS may 
reduce PJK

Comparative data vs tethering remains 
limited

ASD, adult spinal deformity; BMD, bone mineral density; MLSS, multilevel sublaminar stabilization; PJF, proximal junctional failure; PJK, proximal junctional kyphosis; TP, 
transpedicular; UIV, upper instrumented vertebra; UIV+1/UIV+2, first/second level above the upper instrumented vertebra; WTT, weave tether technique.
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practices. In addition, heterogeneous definitions of PJK/PJF, variable 
construct designs, and inconsistent reporting of alignment targets 
introduce meaningful bias. Recent narrative reviews reinforce a 
multimodal, failure mode–based strategy for preventing proximal 
junctional complications, consistent with the findings of this study. 51 

As a result, while signals favoring specific prophylactic strategies—
particularly proximal tethering—are consistently observed, they 
should inform clinical decision-making only as associative trends 
rather than definitive recommendations.

Proper sagittal alignment remains one of the strongest 
modifiable predictors of junctional failure. 52 -54 Achieving age-
appropriate alignment is essential to minimizing compensatory 
demands above the UIV, reducing shear forces, and preventing 
both radiographic PJK and structural PJF. 52 -55 Multiple large 
ASD cohorts have demonstrated that residual positive sagit-
tal imbalance, inadequate restoration of lumbar lordosis, and 
failure to account for age-adjusted pelvic incidence–lumbar 
lordosis targets significantly increase the risk of junctional

FIGURE 5. Finite-element rationale for second level above the UIV tethering. Schematic demonstrating
that tether placement at second level above the UIV smooths the proximal stiffness transition and reduces
peak junctional stress compared with no tether (refs6,8). UIV, upper instrumented vertebra.

FIGURE 6. A and B, Tether configurations and preload considerations. Schematic illustration of posterior tethering strategies
demonstrating loop vs weave configurations and their biomechanical implications at the proximal junction. The loop construct
produces a more focal moment arm, whereas the weave configuration distributes forces more symmetrically across adjacent segments,
potentially reducing stress concentration. The lower panel depicts the relationship between tether preload and junctional stress, 
highlighting an optimal preload zone that balances stability and flexibility. Moderate preload is favored to provide controlled 
motion while minimizing excessive junctional loading, whereas excessive tension may increase stress transmission to adjacent 
segments and contribute to proximal junctional pathology (refs 8,31 ).
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failure. 53 ,56 The relationship between postoperative alignment 
parameters and junctional risk, including upper instrumented 
vertebra fracture angle, is illustrated in Figure 8.

Age-adjusted alignment targets (e.g., Lafage formulas) shift the 
focus from achieving universally “ideal” alignment to restoring 
alignment appropriate for a patient’s physiological reserve and

TABLE 2. Biomechanical Evidence for Tethers and Adjuncts (“Soft-Landing” Constructs)

Study focus Model/method What was varied Principal finding Practical takeaway

Posterior tethers 
(global effect)

Whole-human 
finite element

Tether vs none Tether reduces anterior column 
stress and ligament tension at 
the junction

Supports stress-smoothing 
rationale

Tether configuration 
and preload

Finite element UIV+1 vs UIV+2; preload 
magnitude

UIV+2 superior to UIV+1; moderate 
preload optimal; overtightening 
counterproductive

Favor UIV+2; avoid excessive 
preload

Polyester tethers 
under fatigue

Cadaver (cyclic 
testing)

Cycles to failure; 
elongation

Polyester bands can elongate/ 
weaken under cyclic load

Tension conservatively; monitor 
durability

Anchor type for 
tether

Finite element Crosslink vs pedicle vs 
spinous anchors

Crosslink anchor minimized ROM/ 
stress best

Prefer crosslink anchoring when 
feasible

Foundational tether 
analyses

Finite element Polyester tethers at 
junction

Tethers reduce junctional motion/ 
stress

Baseline biomechanical support

Semirigid/hybrid 
concepts (PEEK/ 
“topping-off”)

Cadaver and 
finite element

PEEK vs Ti rods; proximal 
semirigid segments

Semirigid elements smooth 
transition; clinical data limited

Consider selectively as adjuncts

Evidence map summarizing pooled clinical signal and near-term value (fewer revisions) by modality; tethers show the most consistent reduction in proximal junctional kyphosis/ 
proximal junctional failure; vertebral cement augmentation is strongest for fracture-type proximal junctional failure in low-bone mineral density.
PEEK, polyether ether ketone; ROM, range of motion; UIV, upper instrumented vertebra; UIV+1/UIV+2, first/second level above the upper instrumented vertebra.

FIGURE 7. Whole-human finite-element simulation of posterior tethering. Whole-body finite-element model demonstrating the biomechanical
effects of posterior tether augmentation across 3 conditions: preoperative alignment, simulated postoperative instrumented construct, and simulated
flexion (10°). The model illustrates how posterior tethering facilitates a gradual transition of stiffness across the proximal junction, reducing abrupt
changes in motion and load transfer. Compared with constructs without tethering, the tethered model exhibits reduced stress concentrations and lower
peak range-of-motion at the upper instrumented vertebra/first level above the upper instrumented vertebra, supporting its role in mitigating proximal
junctional complications. Credit: Reproduced from Yagi et al,6 © Springer Nature. Licensed under Creative Commons CC BY 4.0.
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compensatory capacity. 37 Overcorrection beyond age-adjusted 
targets increases posterior column strain at the UIV and UIV+1, 
accelerating ligamentous attenuation and anterior column 
collapse—two common failure patterns observed in both clinical 
and tethering studies. 29,55

Importantly, alignment optimization should precede deci-
sions about prophylactic tethering or VCA. 58 Tethers can

mitigate localized mechanical transitions, but they cannot 
compensate for global sagittal malalignment or excessive 
sagittal vertical axis. 59 , 60 Therefore, tethering should be 
viewed as an adjunct to, rather than a replacement for, metic-
ulous alignment planning using pelvic incidence minus lumbar 
lordosis, sagittal vertical axis, T1 slope, and age-adjusted 
modifiers. 37,52-54

TABLE 3. Patient Optimization Bundle to Reduce PJK/PJF Risk

Domain Screen/indicator Interventions Rationale/target

Bone health Osteoporosis (DEXA/HU), 
vitamin D deficiency

Vitamin D repletion; anabolic therapy (eg, 
teriparatide/romosozumab) as appropriate; 
time bisphosphonates; consider cement 
augmentation for very low BMD

Stronger UIV/UIV+1 resists fracture-
type PJF

Frailty and sarcopenia mFI, sarcopenia indices Prehabilitation (nutrition + resistance training); 
optimize anemia and glycemic control

Lowers complications; improves 
support for alignment

Alignment planning Age-adjusted targets; PI–LL 
mismatch

Use age-adjusted alignment; avoid over/ 
under-correction; gentle rod contouring; 
consider tether at UIV+2 when indicated

Minimizes junctional overload and 
PJK triggers

Soft-tissue preservation Disruption of interspinous/ 
supraspinous ligaments

Preserve posterior tension band; minimize 
dissection at UIV+1; avoid facet violation

Maintains native restraint at the 
junction

Adjunct selection High-risk profiles (elderly, low 
BMD; lower thoracic UIV)

Tether (±crosslink anchor); cement 
augmentation in severe osteoporosis; hooks 
at high thoracic

Match construct to dominant failure 
mode risk

BMD, bone mineral density; DEXA, dual-energy x-ray absorptiometry; HU, hounsfield units; mFI, modified frailty index; PI–LL, pelvic incidence minus lumbar lordosis (mismatch); PJF, 
proximal junctional failure; PJK, proximal junctional kyphosis; UIV, upper instrumented vertebra; UIV+1/UIV+2, first/second level above the upper instrumented vertebra.

TABLE 4. Complications and Technical Pearls by Prophylactic Modality

Modality Common complications
Best-addressed failure

mode(s) Key pearls When to favor

Tethers (sublaminar/ 
weave; ±crosslink)

Band elongation/loosening 
(rare); laminar/dural risk if 
mal-passed; superficial 
infection

Catastrophic PJF (fracture/ 
subluxation/interface) > 
minor PJK

Span to UIV+2; moderate 
preload; crosslink anchor 
distributes load

Lower thoracic UIV; mixed risk incl. 
soft-tissue laxity

Proximal hooks Hook cut-out/loosening in 
weak bone; variable PJK 
impact

Interface “soft landing”; 
reduces abrupt stiffness 
change

Bilateral placement; preserve 
facets/ligaments

High-thoracic UIV; facet-sparing 
strategy

Vertebral cement 
augmentation (UIV
± UIV+1)

Cement leakage; adjacent 
fractures; pulmonary 
cement embolism

Vertebral body fracture–type 
PJF

High-viscosity cement; 
careful fluoroscopy; 
reserve for very low BMD

Elderly/very low BMD; fracture-
prone vertebrae

Screw trajectory/ 
MLSS

Maltrajectory; prominence Distributes forces across 
UIV+1/2; avoids cranial 
screw risk

Prefer caudal/parallel UIV 
screws; consider MLSS in 
long constructs

When cranial screw angle risk exists; 
long constructs

Transition/PEEK rods Hardware complexity; 
limited clinical data

Stress-smoothing
(theoretical/
biomechanical)

Use as hybrid with tether in 
select cases

Experimental/adjunctive scenarios

BMD, bone mineral density; MLSS, multilevel sublaminar stabilization; PEEK, polyether ether ketone; PJF, proximal junctional failure; PJK, proximal junctional kyphosis; UIV, upper 
instrumented vertebra; UIV+1/UIV+2, first/second level above the upper instrumented vertebra.
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These results are most convincing when cohorts differentiate 
radiographic PJK from structural PJF/revision and include multiple 
variables. However, durability beyond the short-term to mid-term
remains uncertain since most studies are retrospective, single-
center, and have <5 years of follow-up. Alternative strategies 
(hooks, screw-trajectory modifications, cement augmentation) 
show promise but lack high-quality comparative data. Therefore, 
clinical decisions should be based on the primary failure mode: 
minor angular change (PJK) vs structural compromise (PJF), with 
tethers having the most significant impact on the latter.
Failure mode mapping and the appropriate placement of each 

modality. Tethers most consistently reduce the risk of catastrophic 
PJF (vertebral fracture, subluxation, interface failure), while their 
effect on minor radiographic PJK varies. 15,19,24 VCA mainly targets 
fracture-related risks in patients with very low BMD and the el-
derly, but also poses device-specific hazards such as leakage, adjacent 
fractures, and embolism, with mixed effects observed across studies. 
Hooks may provide a “soft-landing” at high thoracic levels, though 
clinical results are inconsistent. Trajectory/MLSS strategies dis-
tribute load across UIV+1/2 and are associated with lower PJK rates 
in early data. In practice, the choice of modality should be tailored 
to the patient’s main failure risk, the level of construct termination, 
and bone quality, always aiming for age-adjusted alignment goals.
Technical and configurational priorities: When tethers are used, 

UIV+2 placement and moderate preload seem biomechanically 
advantageous; crosslink anchoring can enhance load-sharing com-
pared with pedicle or spinous process anchoring. Avoid over-
tensioning, which may shift stress proximally. These technical 
parameters should be reported consistently to ensure reproducibility 
and enable comparison across centers.

Patient-specific tailoring (using AI as an adjunct, not a re-
placement). Bone health optimization (e.g., anabolic therapy 
where appropriate), frailty assessment, and alignment to age-
adjusted targets remain essential; overcorrection or under-
correction diminishes any prophylactic benefit. Predictive models 
(e.g., global alignment and proportion/global alignment and 
proportion with bone-based ML) can help identify increased 
mechanical risk and guide the targeted use of tethers or VCA in 
the highest-risk profiles. Still, current tools are mostly retro-
spective and should complement—not replace—surgeon judg-
ment and alignment planning. 37,50

Implementation and value. Health-economic signals from co-
hort analyses indicate lower 2-year cost per quality-adjusted life 
years when risk-aligned prophylaxis is combined with age-adjusted 
strategies, attributable to fewer revisions and readmissions. 50 

System-level adoption requires practical pathways that: (1) iden-
tify high-risk profiles (low BMD, frailty, age-adjusted mismatch); 
(2) standardize intraoperative steps (UIV+2 span, preload windows, 
anchor preference); and (3) provide training to ease the learning 
curve and reduce complications. Variations in international practice 
(Scoliosis Research Society surveys) underscore the need for im-
plementation studies that address costs, workflows, and device 
access. 61

A consolidated agenda should guide future research prior-
ities. Prospective, multicenter studies—preferably randomized 
or carefully matched—must compare tethers, hooks, VCA, and 
trajectory/MLSS using standardized technical parameters (such 
as level, span, anchor, preload) and harmonized endpoints 
that distinguish radiographic PJK from structural PJF/revision. 
Long-term durability (≥5-10 years) is vital to measure late

TABLE 5. Landmark Studies on PJK/PJF Prophylaxis

Study Design and population Intervention Key findings Why it matters

Buell et al 29,48 Retrospective ASD cohort UIV+2 ligamentous 
tethering

↓ PJK (16% vs 41%); protective in 
multivariable analysis

First major clinical evidence 
supporting UIV+2 over UIV+1

Passias et al 50 Multicenter cost-effectiveness 
analysis

Risk-aligned tethering Lower 2-y cost per QALY; fewer 
revisions/readmissions

Demonstrated health-economic 
benefit of prophylaxis

Lim et al 41 11-y single-center ASD series Long thoracolumbar 
fusion

Characterized modern PJF 
failure patterns

Defines structural failure modes 
relevant to tether decisions

Li et al 11 

(meta-analysis)
Systematic review/meta-analysis VCA ∼71% reduction in fracture-type 

PJF in elderly/low BMD
Highest-level evidence 

supporting selective VCA

Lee et al 47 Prospective thoracic UIV cohort Transverse process 
hooks

Lower PJK when UIV is high 
thoracic

Defines selective role for hooks

Metzger et al 44 Cadaveric biomechanical study Hooks vs pedicle screws Hooks ease proximal stiffness 
transition

Biomechanical foundation for 
“soft-landing” constructs

Turbucz et al 8 Finite-element modeling study Semirigid/topping-off
constructs

Reduced proximal junctional 
stress

Supports hybrid and topping-off 
strategies

ASD, adult spinal deformity; BMD, bone mineral density; PJF, proximal junctional failure; PJK, proximal junctional kyphosis; QALY, quality-adjusted life years; UIV, upper instrumented 
vertebra; UIV+1/UIV+2, first/second level above the upper instrumented vertebra; VCA, vertebral cement augmentation.
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PJF, adjacent segment disease, and revision burden. 15 ,16 Si-
multaneously, external validation of ML risk models and cost-
effectiveness analyses should identify where prophylaxis offers 
the most value.
Bottom line for current practice: A multimodal, failure mode– 

informed strategy—focusing on optimizing bone and frailty, 
achieving age-adjusted alignment, and selecting adjuncts tailored

to fracture vs soft-tissue predominant risk—provides the most 
reliable way to reduce junctional complications today. Ran-
domized evidence and standardized reporting will improve (not 
replace) this framework as data develops.

Limitations
This is a targeted narrative synthesis, not a registered systematic 

review. Most included studies are retrospective, single-center ASD 
cohorts with diverse PJK/PJF definitions, varying construct de-
signs (UIV level, tether configuration, adjunctive cement/hooks), 
and limited long-term (>5-year) follow-up. Given this hetero-
geneity, cross-modality comparisons (tethers vs hooks vs VCA vs 
MLSS) should be interpreted cautiously; the observed protection 
against catastrophic PJF may partly reflect confounding by in-
dication (i.e., higher-risk patients are more likely to receive pro-
phylaxis). To reduce bias, we transparently reported definitions, 
prioritized PJF/revision as key endpoints, referenced age-adjusted 
alignment targets when available, and framed comparisons by leading 
failure mode (fracture vs soft-tissue/ligamentous).

CONCLUSION

PJK and PJF remain significant challenges after long-segment 
fusion. Among the available low-level evidence, proximal tethering 
shows the most consistent observational signal for reducing PJK/PJF; 
however, these findings are based primarily on retrospective cohorts 
and should be interpreted as associative rather than definitive. 
Current data suggest that multimodal prevention—incorporating 
bone health optimization, frailty assessment, alignment targets, and 
selective adjuncts—may offer benefit, but the comparative effec-
tiveness of these strategies remains uncertain given the predominance 
of low-level evidence.
Long-term durability and comparative effectiveness are still un-

certain; prospective, standardized multicenter studies are a priority. 15 

AI risk models should remain supplementary until validated. 62 In the
meantime, a failure mode–informed, multimodal approach is the most 
reliable strategy to prevent junctional complications. Prospective, 
multicenter studies with long-term follow-up are needed before firm 
recommendations on prophylactic strategies can be established.
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FIGURE 8. Upper instrumented vertebra–femoral angle. Measurement
technique on standing lateral radiograph demonstrating correlation between
increased postoperative upper instrumented vertebra–femoral angle and risk
of proximal junctional complications. Credit: Reproduced from Wu et al57
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