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ABSTRACT 

Study Design: Retrospective review of prospectively collected, multicenter data. 

Objective: To assess associations between patient height and weight independently and 

interactively with the incidence of proximal junctional kyphosis (PJK) after surgical 

treatment of adult spine deformity. 

Summary of Background Data: Body mass index has traditionally been used to assess the 

influence of body composition on surgical outcomes, but the individual effects of height and 

weight have not been studied in relation to PJK. 

Methods: We compared baseline demographic characteristics, radiographic 

measurements, and perioperative variables between patients who developed PJK after 

adult spinal deformity surgery between 2008 and 2020 and those who did not. Using a 

generalized additive model with a logistic link function, we modeled height and weight and 

their interaction as smooth terms to capture potential nonlinear effects on PJK risk. 

Multivariate analysis was adjusted for age, history of osteoporosis, upper instrumented 

vertebra, number of levels fused, and postoperative pelvic incidence minus lumbar lordosis 

and T1 pelvic angle. 
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Results: Of 904 included patients, the median age was 65 years (interquartile range: 58–

71), and 76% were female. PJK developed in 131 patients (14%). Baseline characteristics, 

including frailty, comorbidities, and radiographic measures, did not differ significantly 

between the PJK and non-PJK groups. Taller height was a predictor of PJK (p =.03). In 

contrast, weight was not an independent predictor, and there was no significant interaction 

between height and weight. The incidence of PJK peaked at a height of approximately 179 

cm before plateauing. 

Conclusions: Taller height, but not weight, was associated with developing PJK after adult 

spinal deformity surgery. These findings underscore the importance of considering patient 

height during surgical planning. 

 

 

KEY POINTS 

 Patient height is an independent predictor of proximal junctional kyphosis after adult 

spinal deformity surgery; weight and its interaction with height are not. 

 Upper instrumented vertebra location modifies this risk, with taller patients having 

higher risk when the upper instrumented vertebra is in the lower thoracic spine as 

opposed to the upper thoracic spine. 

 Proximal junctional kyphosis risk increases from patient heights of approximately 120 

cm (3 feet 11 inches) to 180 cm (5 feet 11 inches) of patient height, with the steepest 

increase between approximately 140 (4 feet 7 inches) and 175 cm (5 feet 9 inches), then 

plateauing beyond approximately 180 cm (5 feet 11 inches). 
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INTRODUCTION 

Proximal junctional kyphosis (PJK) is a common complication after surgical treatment of adult 

spine deformity (ASD), affecting between 17% and 39% of patients.
1
 Though PJK is concerning, 

its clinical relevance is unclear according to several studies examining quality of life and 

functional outcomes.
1–5

 However, an accurate understanding of PJK risk is important because of 

its potential to progress to proximal junctional failure.
2–4,6,7

 

PJK is thought to be influenced by various factors, including body mass index (BMI) 

value, bone quality, and other patient characteristics.
1,8–10

 BMI is one of the most well-

investigated factors of those driving PJK.
5,11–13

 Several studies have found strong correlations, 

with one
11

 finding that patients with obesity are at greater risk of developing PJK compared to 

those without obesity.
5,11–13

 In addition, biomechanical studies have suggested that the length of 

the fusion construct is an important consideration when assessing risk for PJK.
14–16

 These studies 

found that the longer the fusion constructs, the greater the mechanical stress at the upper 

instrumented vertebra (UIV).
14–16

 However, central to the question of the length of the fusion is 

overall patient height. 

Height is associated with both BMI and weight, although the mechanistic implications of 

each are unique.
5,11–16

 Although previous research has explored BMI as a risk factor for PJK, 

height has not been investigated independently from BMI and weight. Given the mechanistic 

importance of height on the length of the fusion construct, we investigated the association of 

height with the incidence of PJK. 
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METHODS 

Patient Sample 

We retrospectively analyzed data from patients who underwent surgery for ASD between 2008 

and 2020 who were included in a prospective study across 22 centers in the United States. All 

patients had complete baseline data and a minimum of 2-year follow-up. Inclusion criteria were 

age 18 years or older and at least 1 of the following radiographic measures: coronal Cobb angle 

≥20°, sagittal vertical axis ≥5 cm, pelvic tilt ≥25°, and/or thoracic kyphosis ≥60°. We excluded 

patients with spinal deformity secondary to active infection, tumor, or neuromuscular conditions. 

 

Data Collection 

Collected demographic variables were age, sex, height, weight, Adult Spine Deformity Frailty 

Index (ASD-FI) value, and Charlson Comorbidity Index value. Operative variables were the UIV 

level, number of levels fused, use of 3-column osteotomy, and use of supplementary rods. 

Radiographic parameters included baseline and postoperative maximum coronal Cobb angle, C7-

S1 coronal vertical axis, pelvic tilt, pelvic incidence minus lumbar lordosis (PI–LL) mismatch, 

L1-S1 and L4-S1 lordosis, thoracic kyphosis, sagittal vertical axis, and T1, T4 and L1 pelvic 

angles. 

Patient-reported outcomes were collected at baseline using the Oswestry Disability Index; 

Short Form 36 Physical Component Score; and Scoliosis Research Society scores for the 

Activity and Pain domains, as well as Scoliosis Research Society total score. 
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Statistical Analysis 

Continuous variables were assessed for normality using the Shapiro-Wilk test. Normally 

distributed variables are summarized as means with standard deviations, and nonnormally 

distributed variables are reported as medians with interquartile ranges (IQRs). Group 

comparisons between patients with and without PJK were conducted using Student’s t-tests for 

normally distributed continuous variables and Mann-Whitney U tests for skewed distributions. 

Categorical variables were analyzed using Pearson’s chi-squared test. Subanalysis was 

performed to compare the incidence of PJK and the proximal junctional angle at 2 years between 

patients with heights of 150 cm or shorter versus those with heights of 170 cm or taller. 

A generalized additive model with a logistic link function was used to evaluate 

associations between height and weight with the probability of developing PJK. The model 

adjusted for age, history of osteoporosis, UIV level, number of levels fused, 3-column 

osteotomy, postoperative PI–LL mismatch, and postoperative T1 pelvic angle. Height, weight, 

and their interaction term were modeled as smooth terms to account for potential nonlinear 

effects. Predicted probabilities from the final model were visualized in plots showing the 

relationship between patient height and the probability of PJK, as well as the probabilities 

stratified by UIV into upper thoracic and lower thoracic UIV. Multivariate regression analysis 

was used to compare PJK and the proximal junctional angle at 2 years while controlling for the 

same covariates. PJK occurrence was reported across all participating institutions in accordance 

with standard definitions. All analyses were performed using R software, version 4.4.2 (R 

Foundation for Statistical Computing, Vienna, Austria). 
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RESULTS 

A total of 904 patients with ASD were included in the analysis with a median age of 65 years 

(IQR: 58, 71), 76% of whom were female (Table 1). PJK developed in 131 patients (14%) by 2 

years postoperatively. In a subgroup comparison, PJK occurred in 4 of 58 patients (6.9%) with 

heights of 150 cm or shorter and in 35 of 212 patients (16.5%) with heights of 170 cm or taller (p 

= .09). 

 

Baseline Demographics, Radiographic Parameters, and Patient-Reported Outcomes 

At baseline, we found no significant differences in demographic or radiographic parameters 

between patients who developed PJK and those who did not (Table 1). The only patient-reported 

outcomes that differed at baseline were the Short Form 36 Physical Component Score, which 

was higher in the PJK group (mean, 29  ± 8.4 ) than in the non-PJK group (mean, 27 ± 8.0; 

p = .007); and the Scoliosis Research Society Pain domain, which was higher in the non-PJK 

group (mean, 2.3 ± 0.8) than in the PJK group (median, 2.1 ± 0.71) (p = .012). 

 

Surgical Variables and Postoperative Radiographic parameters 

Surgical variables were not significantly different between the groups except that patients who 

developed PJK were less likely to have undergone a 3-column osteotomy (14% vs 27%, p = 
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.006; Table 2). The use of supplemental rods and the UIV distribution (upper vs lower thoracic) 

did not differ (p = 0.4 and p = 0.5, respectively). Postoperatively, the PJK group had greater 

thoracic kyphosis (median 56° [IQR 48º–65º] vs 50° [IQR 40º–60º]; p < .001), whereas the 

major coronal curve was smaller (13° [IQR 7º–23º] vs 15° [IQR 8º–26º]; p = .04). No other 

postoperative radiographic parameters differed between groups. On subanalysis, patients with 

heights of 170 cm or taller had a mean proximal junctional angle of 15.8º versus 12.7º for 

patients with heights of 150 cm or shorter (p = .08). 

 

Multivariable Modeling 

Among the parametric terms, the following were significant predictors of PJK: lower thoracic 

UIV level (β = 0.77, p = .002), 3-column osteotomy (β = –0.71, p = .006), number of levels fused 

(β = 0.13, p < .001), postoperative PI–LL mismatch (β = –0.048, p < .001), and postoperative T1 

pelvic angle (β = 0.059, p = .001) (Table 3). 

For the smooth terms, height had a significant nonlinear effect on PJK risk (EDF = 1.04, 

p = .03). Weight and the interaction between height and weight were not significant predictors. 

The modeled predicted probability of PJK across the full range of patient heights in the 

cohort displays a smooth curve rising steadily from approximately 120 (3 feet 11 inches) to 

180 cm (5 feet 11 inches), with the most pronounced increase in predicted probability observed 

between 140 (4 feet 7 inches) and 175 cm (5 feet 9 inches) (Figure 1A). Beyond approximately 

180 cm (5 feet 11 inches), the curve shows a visible flattening or plateau, with little further 

increase in predicted probability at greater heights. 
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The predicted probabilities of PJK as a function of height, stratified by UIV, show 

separate smooth curves for the lower thoracic and upper thoracic UIV groups (Figure 1B). The 

curves for the lower thoracic group show higher predicted probabilities across the height range, 

with steeper increases in predicted risk between approximately 140 and 180 cm. In contrast, the 

upper thoracic group curve remains lower across the entire height range, with a more gradual 

upward slope. 

On multivariable logistic regression, heights of 170 cm or taller were associated with 

greater odds of PJK compared with heights of 150 cm or shorter (odds ratio: 4.4, 95% CI: 1.3–

15.5; p = .02; Figure 2A.) Similarly, on multivariable linear regression, height of 170 cm or taller 

was associated with a greater proximal junctional angle compared with height of 150 cm or 

shorter (β = 4.99º, 95% CI: 0.7º–9.2º; p = .02; Figure 2B). On sensitivity analysis incorporating 

absolute weight and height-adjusted weight residuals, height was not a significant predictor of 

PJK (EDF: 1.29; p = .051). Similarly, absolute weight (p = .66) and the height-adjusted residual 

term (p = .56) were also not significant. 

 

DISCUSSION 

In this large, multicenter cohort of patients treated surgically for ASD, height, but not weight, 

was an independent predictor of PJK at 2 years postoperatively. This relationship was stronger in 

lower thoracic fusions and more attenuated in upper thoracic fusions. Baseline demographic 

variables, including age, sex, Charlson Comorbidity Index value, and frailty index value, did not 

differ between those who developed PJK and those who did not. Similarly, no differences were 

observed between groups in preoperative radiographic alignment parameters or most patient-
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reported outcome measures. Additional risk factors identified included a lower thoracic UIV 

level, greater number of levels fused, greater postoperative T1 pelvic angle, and greater 

postoperative PI–LL mismatch. 

The association between height and PJK risk is most plausibly explained by greater 

construct length, a mechanism that has been well established in the literature through studies 

examining the number of vertebrae fused.
14–16

 However, taller patients have longer constructs 

because of cumulatively taller vertebral bodies rather than because more vertebral levels are 

included (Figure 3A-C). Cadaveric studies have shown that vertebral body height increases by 

approximately 0.01 cm for every 1 cm of patient height.
17

 Although this difference is small on a 

per-vertebra basis, it can meaningfully increase total construct length. A patient who is 20 cm 

taller than the average adult spinal deformity patient (176.5 cm) will have vertebrae that are each 

approximately 2 mm taller.
18

 In a 10-level fusion, this difference results in a construct that is 

approximately 2 cm longer, which is similar to the length of 1 additional thoracic vertebra. 

Longer constructs are thought to impose greater mechanical stress at the proximal junction by 

acting as extended lever arms.
14–16

 Conversely, when considering the unfused part of the spine, 

the more vertebral levels above the construct, the longer the lever arm, which increases the 

mechanical stress on the UIV. This finding is further confirmed by our analysis when stratifying 

the probability of PJK by UIV level. Patients with a lower thoracic UIV had a higher probability 

of PJK compared to those with an upper thoracic UIV. 

Beyond height, our analysis confirms several established operative and radiographic 

predictors of PJK but diverges from prior literature on weight and BMI. Three-column 

osteotomies and longer fusion constructs have been documented as risk factors for PJK because 
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of the biomechanical stresses they impose.
1,9,19–21

 Similarly, postoperative spinopelvic 

parameters, particularly PI–LL mismatch and T1 pelvic angle, are also associated with 

PJK.
19,22,23

 Substantial mismatch between PI and LL disrupts sagittal alignment, which increases 

mechanical stress at the proximal junction and raises the risk of junctional failure.
19,22

 

Overcorrection of lumbar lordosis and increased thoracolumbar or L1 tilt, as indicated by an 

elevated T1 pelvic angle shifts biomechanical loads to proximal segments.
23

 In contrast to these 

well-established biomechanical predictors, BMI and weight did not demonstrate significance 

despite previous research emphasizing their role in PJK risk.
5,11–13

 Given the association of BMI 

with back pain and preoperative radiographic parameters, these associations may rely on a set of 

confounding indicators of overall spine health rather than acting as a biomechanical risk factor 

itself.
24–31

 The present study leveraged a large, diverse cohort and controlled for key 

confounders, enabling us to disentangle the independent contributions of height and weight. 

In addition to traditional operative and radiographic factors associated with PJK, we 

describe the contribution of height, an easily measured clinical variable, as an important risk 

factor. The proposed mechanism for this association is the longer lever arm, which results in 

greater mechanical stress at the proximal junction. To validate this biomechanical explanation, 

future research should incorporate measurements such as torso length or vertebral body height as 

more anatomically direct proxies for construct length.
32

 

This study has several limitations. First, although the data were collected prospectively 

from multiple centers, our analysis is retrospective, introducing the potential for selection bias 

and limiting our ability to control for unmeasured confounders. Although our inclusion criteria 

and standardized follow-up help mitigate this concern, residual confounding remains possible. 
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Second, variability may exist between institutions in surgical techniques, implant choices, and 

perioperative protocols. Third, we used patient height as a proxy for fusion construct length and 

did not directly measure vertebral body height or torso length. Although taller patients likely 

have longer constructs because of larger vertebral body dimensions, this relationship is only 

inferred. Similarly, fusion length was assessed by the number of levels fused rather than actual 

construct length, which could introduce imprecision. Fourth, because relatively few patients were 

at the upper extremes of height, estimates of PJK risk for patients taller than approximately 180 

cm should be interpreted cautiously. In our cohort, 65 patients (7.2%) were taller than 180 cm, 

23 (2.5%) were taller than 185 cm, and 3 (0.3%) were taller than 190 cm; the maximum height 

was 193 cm. Fifth, although we modeled weight and its interaction with height, distribution of 

adiposity (i.e., central vs. peripheral) was not assessed and may modify biomechanical risk. 

Lastly, our statistical approach used a generalized additive model to capture potential nonlinear 

relationships, but this method has inherent assumptions and risk of overfitting despite smoothing 

penalties. 

 

CONCLUSION 

In this large, multicenter cohort of patients with ASD, height, but not weight, was an 

independent predictor of the occurrence PJK after surgery for ASD. Our findings suggest that 

taller patients have a higher risk of PJK, likely because of the greater construct length associated 

with greater vertebral height, as well as a longer lever arm. These results indicate the importance 

of considering patient height, separate from BMI, during preoperative planning and risk 
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stratification. Future work should evaluate the association between direct construct length 

measurements or torso height and PJK risk. 
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Figure 1. A) Predicted probability of proximal junctional kyphosis by patient height. The 

probability rises steadily from approximately 120 (3 feet 11 inches) to 180 cm (5 feet 11 inches) 

of height, with the most pronounced increase between 140 (4 feet 7 inches) and 175 cm (5 feet 9 

inches). Beyond approximately 180 cm (5 feet 11 inches), the curve shows a plateau, with little 

further increase in predicted probability at taller heights. B) Predicted probability of proximal 

junctional kyphosis by patient height stratified by upper instrumented vertebral level. The curves 

for the lower thoracic group show greater predicted probabilities across the height range, with 

steeper increases in predicted risk between approximately 140 cm (4 feet 7 inches) and 180 cm (5 

feet 11 inches) compared to the upper thoracic group. In contrast, the upper thoracic group curve 

remains lower across the entire height range, with a more gradual upward slope. 
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Figure 2. A) Adjusted odds of developing proximal junctional kyphosis in patients with heights 

of 170 cm or taller compared to patients with heights of 150 cm or shorter. B) Adjusted beta 

coefficient comparing the proximal junctional angle between patients with heights of 170 cm or 

taller and those with heights of 150 cm or shorter. 
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Figure 3. Lateral EOS radiographs of a 70-year-old man (height, 179 cm) who underwent 

revision posterior spinal fusion from T11 to the pelvis. Radiographs taken A) preoperatively, B) 

6 weeks postoperatively, and C) 2 years postoperatively. 
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Table 1. Comparison of baseline demographic, radiographic, and patient-reported outcome 

variables for 904 patients treated surgically for adult spinal deformity at 22 US centers from 

2008 to 2020, by development of PJK 

Variable Median (Interquartile Range) P 

No PJK (n = 771) PJK (n = 131) 

Demographic    

Age,yr 65.2 (58, 71) 66.7 (61, 72) .171 

Female gender 609 (76)
*
 102 (77)

*
 >.999 

CCI value 2 (1, 3) 2 (1, 3) .956 

ASD-FI value 3.6 (2.8, 4.6) 3.7 (2.8, 4.7) .608 

Height, cm 162 (155.6, 170.0) 163 (157.5, 170.2) .178 

Weight, kg 73 (62.4, 88.5) 74 (63.3, 86.3) .998 

Revision surgery 342 (43)
*
 45 (34)

*
 .063 

Osteoporosis 149 (19)
*
 29 (22)

*
 .446 

Radiographic    

Major curve, º 35 (21, 52) 34 (24, 46) .555 

C7-S1 CVA, mm 28 (13, 50) 25 (11, 48) .331 

Pelvic tilt, º 26 (20, 33) 25 (21, 32) .593 

PI–LL mismatch, º 22 (11, 35) 21 (6, 35) .239 

L1-S1 lordosis, º 35 (20, 47) 37 (21, 49) .255 

L4 -S1 lordosis, º 32 (22, 43) 32 (22, 44) .651 

Thoracic kyphosis, º 35 (23, 47) 37 (25, 48) .215 

C7-S1 SVA, mm 78 (36, 132) 74 (26, 123) .250 

T1 pelvic angle, º 26 (18, 35) 25 (18, 33) .285 

T4 pelvic angle, º 22 (15, 31) 21 (15, 29) .226 

L1 pelvic angle, º 13 (6.0, 19.8) 12(6.1, 18.1) .484 

Patient-reported    

ODI value 48 ± 16
†
 51 ± 15

†
 .088 

SRS score    

Activity 2.7 ± 0.8
†
 2.6 ± 0.8

†
 .182 

Pain 2.3 ± 0.8
†
 2.1 ± 0.7

†
 .012 

Total 2.7 ± 0.6
†
 2.6 ± 0.6

†
 .390 

SF-36 PCS 29 ± 8.4
†
 27 ± 8.0

†
 .007 

ASD-FI, Adult Spine Deformity Frailty Index; CCI, Charlson Comorbidity Index; CVA, coronal 

vertical axis; ODI, Oswestry Disability Index; PA, pelvic angle; PI–LL, pelvic incidence minus 

lumbar lordosis; PJK, proximal junctional kyphosis; SF-36 PCS, Short Form 36 Physical 

Component Score; SRS, Scoliosis Research Society; SVA, sagittal vertical axis. 
*
Values expressed as n (%). 

†
Values expressed as mean ± standard deviation. 
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Table 2. Comparison of surgical and postoperative radiographic variables for 904 patients 

treated surgically for adult spinal deformity at 22 US centers from 2008 to 2020, by development 

of PJK 

 

Variable No PJK (n = 771) PJK (n = 131) P 

Surgical N (%) Median (IQR) N (%) Median (IQR) 

 Three-column osteotomy 190 (27)  18 (14)  .006 

Supplemental rod use 211 (27)  31 (24)  .385 

UIV location     .547 

Upper thoracic 286 (37)  45 (34)  

 Lower thoracic 485 (63)  86 (66)  

 Radiographic      

Major curve, º  15 (8, 26)  13 (7, 21) .041 

C7-S1 CVA, mm  23 (10, 40)  22 (10, 38) .561 

Pelvic tilt, º  20 (13, 27)  20 (14, 27) .728 

PI–LL mismatch, º  2 (–7, 10)  1 (–9, 9) .185 

L1-S1 lordosis, º  54 (46, 62)  55 (46, 63) .614 

L4-S1 lordosis, º  35 (27, 42)  34 (27, 41) .511 

Thoracic kyphosis, º  50 (40, 60)  56 (48, 65) <.001 

C7-S1 SVA, mm  26 (–5, 59)  25 (–4, 64) .836 

T1 pelvic angle, º  16 (10, 23)  17 (11, 24) .775 

T4 pelvic angle, º  13 (6, 19)  13 (7, 19) .952 

L1 pelvic angle, º  9 (4, 15)  9(4, 14) .439 

CVA, coronal vertical axis; IQR, interquartile range; PI–LL, pelvic incidence minus lumbar 

lordosis; PJK, proximal junctional kyphosis; SVA, sagittal vertical axis; UIV, upper 

instrumented vertebra. 
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Table 3. Multivariable generalized additive logistic regression for proximal junctional kyphosis 

at 2-year follow-up after adult spinal deformity surgery 

Variable Coefficient
*
 EDF

†
 Standard 

Error 

χ
2
 P

‡
 

Age 0.01  0.01  .102 

No. of levels fused 0.13  0.04  <.001 

UIV location
§
      

Lower thoracic 0.77  0.33  .002 

Three-column osteotomy –0.71  0.26  .006 

Postoperative      

PI–LL mismatch –0.048  0.01  <.001 

T1 pelvic angle 0.059  0.02  .001 

Osteoporosis –0.71  0.23  .422 

Smooth variables      

Height  1.04  4.89 .027 

Weight  1.00  0.13 .715 

Height-weight interaction  1.00  1.48 .224 

EDF, estimated degrees of freedom; PI–LL, pelvic incidence minus lumbar lordosis; UIV, upper 

instrumented vertebra. 

*
Parametric terms are reported as coefficients with standard errors and P values. Positive 

coefficients indicate higher log-odds of PJK. 

†
Smooth terms are reported with EDF, model χ², and P values. 

‡
Two-sided α = 0.05. 

§
The referent for UIV location is upper thoracic. 

 

© 2026 Wolters Kluwer Health, Inc. All rights reserved. Unauthorized reproduction of the article is prohibited.

ACCEPTED


