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Proximal Junctional Failure
Development Despite Achieving Ideal
Sagittal Correction According to
Age-Adjusted Alignment Target in
Patients With Adult Spinal Deformity:
Risk Factor Analysis of 196 Cases
Undergoing Low Thoracic to Pelvic
Fusion

Se-Jun Park’, Jin-Sung Park’, Dong-Ho Kang', Minwook Kang', Kyunghun Jung',
Chong-Suh Lee?

'Department of Orthopedic Surgery, Spine Center, Samsung Medical Center, Sungkyunkwan University School
of Medicine, Seoul, Korea
*Department of Orthopedic Surgery, Haeundae Bumin Hospital, Busan, Korea

Objective: To identify the risk factors for proximal junctional failure (PJF) after adult spinal
deformity (ASD) surgery despite ideal sagittal correction according to age-adjusted align-
ment target.

Methods: The study included patients who underwent low thoracic to pelvic fusion for ASD
and obtained ideal correction according to age-adjusted pelvic incidence minus lumbar lor-
dosis. PJF was defined either radiographically as a proximal junctional angle (PJA) of > 28°
plus a difference in PJA of > 22° or clinically as revision surgery for proximal junctional com-
plications. Clinical and radiographic variables were assessed to identify the risk factors for
PJE.

Results: The final study cohort consisted of 196 patients, of whom 170 were women (86.7%),
with an average age of 68.3 years. During mean follow-up duration of 45.9 months, PJF
occurred in 43 patients (21.9%). Multivariate logistic regression analysis revealed that old
age (odds ratio [OR], 1.063; 95% confidence interval [CI], 1.001-1.129; p = 0.046), large
preoperative sagittal vertical axis (OR, 1.007; 95% CI, 1.001-1.013; p = 0.024), nonuse of
a transverse process (TP) hook (OR, 5.556; 95% CI, 1.205-19.621; p =0.028), and high
lumbar distribution index (LDI) (OR, 1.136; 95% CI, 1.109-1.164; p <0.001) were sig-
nificant risk factors for PJF development.

Conclusion: A sizeable proportion of patients (21.9%) developed PJF despite achieving ide-
al sagittal correction. Using TP hooks with avoiding excessive LDI can be helpful to further
mitigate the risk of PJF development in this patient group.

Keywords: Adult spinal deformity, Ideal correction, Pelvic incidence minus lumbar lordo-
sis, Risk factors, Proximal junctional failure
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INTRODUCTION

Proximal junctional failure (PJF) is a well-known mechanical
complication following long instrumented fusion for adult spi-
nal deformity (ASD). Unlike proximal junctional kyphosis (PJK),
which is frequently asymptomatic, PJF represents a structural
failure that can result in substantial clinical consequences, in-
creased deformity, and necessity for revision surgery."” The in-
cidence of PJF ranges from 1.4% to 19%, with a revision rate of
up to 47%.>7

Adequate correction of sagittal malalignment is crucial in
preventing PJF after ASD surgery.>*"® Among various surgical
targeting tools, including the Scoliosis Research Society (SRS)-
Schwab classification, Global Alignment Proportion (GAP)
score, and age-adjusted alignment scheme, age-adjusted pelvic
incidence (PI)-lumbar lordosis (LL) has been widely accepted
metric to provide the ideal LL correction target.*"*"” Since the
first introduction of age-adjusted alignment concept by Lafage
et al.,*'® several follow-up studies verified the clinical usefulness
of the age-adjusted PI-LL scheme in term of PJF prevention as
well as good clinical outcomes.>'>!'*"?

However, it is reported that PJF occurs in up to 23.7% of pa-
tients even after they achieved ideal correction according to the
age-adjusted PI-LL target in ASD surgery.>'>'*"* This implies
that age-adjusted PI-LL goal alone cannot completely prevent
the PJF development, suggesting that factors other than age-ad-
justed PI-LL are also affecting the occurrence of PJE This im-
perfection of age-adjusted PI-LL scheme in predicting PJF may
be attributable to the heterogeneity of the ASD population such
as varying demographic factors, surgical techniques, and radio-
graphic variables. Considering that achieving pertinent sagittal
correction (e.g., according to age-adjusted PI-LL) is prioritized
among various surgical considerations in ASD surgery, an in-
depth analysis is required to investigate which factors other than
age-adjusted PI-LL are responsible for PJF development. There-
fore, this study aims to identify the risk factors for PJF develop-
ment among patients who achieved ideal sagittal correction ac-
cording to age-adjusted alignment goal in ASD surgery.

MATERIALS AND METHODS

This study was approved by the Institutional Review Board
of Samsung Medical Center (IRB No. 2024-04-043). Obtaining
informed consent was waived due to the retrospective nature of
the study.
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1. Study Cohort

This study was retrospective case series using prospectively
collected data from ASD database in Samsung Medical Center.
The study cohort included consecutive patients who underwent
long fusion surgery for degenerative-type ASD from 2013 to
2022. The inclusion criteria were as follows: sagittal plane de-
formities defined by C7 sagittal vertical axis (C7-SVA) =50 mm,
PI-LL mismatch >10°, or pelvic tilt (PT) >25° low thoracic
(T9-11) to pelvic fusion; ideal correction according to the age-
adjusted PI-LL target; and a minimum follow-up duration
> 2 years. All the surgeries were performed by 4 attending spine
surgeons. Pelvic extension was routinely carried out using the
conventional iliac screws, except in cases of prior L5-S1 fusion
surgeries. We specifically included patients whose uppermost
instrumented vertebra (UIV) was located in the low thoracic
spines, as low thoracic to pelvic fusion is the most common
procedure for the surgical treatment of ASD at our institution.
We also aimed to reduce the fusion length-related bias, as stop-
ping at the upper thoracic spine or thoracolumbar junction
would show different biomechanical characteristics compared
with stopping at the low thoracic spine.***' The age-adjusted
PI-LL target was calculated based on the previously reported
formula: PI-LL = (age-55)/2+3.%** Ideal correction according
to the age-adjusted PI-LL target indicates current PI-LL values
within a + 10-year range relative to the calculated PI-LL target.””
Patients were excluded if they had nondegenerative deformity
such as neuromuscular, inflammatory, or other pathological
etiologies; did not develop PJF without reaching 2-year follow-
up duration; underwent revision procedures for reasons other
than PJE such as rod fractures; or lacked appropriate radio-
graphic data.

2. Definition of PJF

PJF was defined either radiographically, as a proximal junc-
tional angle (PJA) > 28° plus a difference in PJA of >22° accord-
ing to the recent definition by Lovecchio et al.,” or clinically, as
the necessity for revision surgery for junctional complications.
Various clinical and radiographic variables were compared be-
tween patients who developed PJF (PJF group) and those who
did not develop PJF for at least 2 years postoperatively (non-PJF
group).

Patient factor included sex, age, the American Society of An-
esthesiologists (ASA) physical status classification grade, body
mass index (BMI), T-score on bone mineral density (BMD),
osteoporosis (i.e., the lowest T-score of <-2.5 in spine or hip
BMD), perioperative use of teriparatide, diabetes mellitus (DM),
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and smoking status. Surgical variables included whether the
surgery was a revision case, anterior lumbar interbody fusion
(ALIF) at L5-S1, lateral lumbar interbody fusion (LLIF) or an-
terior column realignment (ACR) at or above L4-5 segment,
pedicle subtraction osteotomy (PSO), number of interbody fu-
sion levels, number of total fusion levels, UIV location, trans-
verse process (TP) hook fixation at the UIV+1, cement aug-
mentation at the UIV, and follow-up period.

To analyze the radiographic factors, the PI, LL, PI-LL, sacral
slope (SS), PT, thoracic kyphosis, T1 pelvic angle, and C7-SVA
were measured preoperatively and postoperatively (at 6 weeks
after surgery). Lower LL (LLL, defined as L4-S1 lordosis) and
lumbar distribution index (LDI, defined as [L4-S1 lordosis/
L1-S1 lordosis x 100]) were measured only on postoperative
radiographs. If PJF developed within 6 weeks postoperatively,
immediate postoperative radiographs were obtained. In addi-
tion to conventional radiographic parameters, the correction
status was evaluated using legacy assessment metrics. First, ad-
herence of age-adjusted PI-LL goal was evaluated. However,
since this study included only patients who achieved ideal cor-
rection relative to this target, postoperative PI-LL offset was
evaluated instead. Postoperative PI-LL offset was determined
as the difference between the current and target PI-LL values,
with a positive value indicating overcorrection according to the
calculated target. Second, SRS-Schwab's PI-LL sagittal modifier
was evaluated: 0 (PI-LL < 10°); + (PI-LL 10°-20°); and ++ (PI-
LL>20°)."” Third, the GAP score was determined according to
the original categories: proportional (score<2 points), moder-
ately disproportional (score=3-6 points), and severely dispro-
portional (score =7 points).”” Last, the Roussouly type was de-
termined using methods previously published by Pizones et al.***
The first group was categorized as the “theoretical” Roussouly
types (i.e., preoperative Roussouly types) according to PI values:
type 1: PI<45°, LL apex at or below L4-5 space; type 2: P1<45°,
LL apex above the L4; type 3: 45°< PI<60° and type 4: PI>60°.
The second group was the “current” Roussouly types (i.e., post-
operative Roussouly types): type 1: SS < 35°, LL apex at or below
L4-5 space; type 2: SS< 35°, LL apex above above the L4; type 3:
35°<SS<45°% and type 4: SS = 45°. If the theoretical and current
Roussouly types matched, the sagittal alignment was considered
appropriately restored according to the Roussouly classification.

3. Statistical Analysis

Categorical variables are shown as frequencies and percent-
ages, and continuous variables as means with standard devia-
tions. Univariate analyses were conducted by comparing vari-
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ables between the 2 groups using chi-square test or Fisher exact
test for categorical variables and using independent t-test or
Wilcoxon rank-sum test for continuous variables. To identify
risk factors for PJE a multivariate logistic regression with step-
wise method was performed using variables with p-values less
than 0.10 in the univariate analyses. A receiver operating char-
acteristic (ROC) curve analysis was conducted to determine the
cutoff values with providing the area under the curve (AUC).
Statistical analyses were performed out by professional statisti-
cians using IBM SPSS Statistics ver. 27.0 (IBM Co., Armonk,
NY, USA). Significance was set at p <0.05.

RESULTS

1. Baseline Data

After screening 432 patients undergoing ASD surgery, 196
patients who achieved ideal correction according to age-adjust-
ed PI-LL were included in the current study (Table 1). The ma-
jority of the patients were female (86.7%), with an average age
of 68.3 years. The mean BMI was 25.9 kg/m?, and the mean
T-score was -1.3. Teriparatide was administered perioperatively
in 21 patients (10.7%). The PI-LL and C7-SVA were 36.9° £
20.6° and 74.6+61.6 mm, respectively. ALIF (at L5-S1 level)
and LLIF (at or above L4-5 level) were performed in 81 (41.3%)
and 84 patients (42.9%), respectively. ACR and osteotomy were
performed in 64 (32.7%) and 30 patients (15.3%), respectively.
Regarding the UIV levels, 38 patients (19.4%) stopped at T9,
132 (67.3%) at T10, and 26 (13.3%) at T11. TP hook fixation at
the UIV+1 and cementing at the UIV were performed in 25
patients (12.8%) and 39 patients (19.9%), respectively. During
mean follow-up duration of 45.9 months, 43 patients (21.9%)
experienced PJF (PJF group), whereas 153 patients (78.1%) did
not (non-PJF group).

2. Univariate Analysis

In the comparison of patient factors, no significant differenc-
es were found between the groups in terms of sex, ASA PS clas-
sification grade, BMI, T-score, osteoporosis, perioperative use
of teriparatide, DM, or smoking status (Table 2). Only age dif-
fered significantly between the 2 groups (67.6 years vs. 70.4 years,
p=0.009). Regarding baseline radiographic parameters, no sig-
nificant differences were observed in all sagittal parameters. Pre-
operative C7-SVA was greater in the PJF group compared to the
non-PJF group albeit without statistical significance (89.2 mm
vs. 69.8 mm, p=0.056). Regarding operative variables, there
were no significant differences between the groups with regard
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Table 1. Baseline data for overall cohort (n=196)

Table 2. Comparison of baseline data for PJF development

Variable Value
Demographic data
Female sex 170 (86.7)
Age (yr) 68.3+6.7
ASA PS classification grade 2.1£0.5
BMI (kg/m?) 259442
T-score on BMD -1.3+1.4
Osteoporosis 36 (18.4)
Perioperative use of teriparatide 21 (10.7)
DM 36 (18.4)
Smoking 6(3.1)
Radiographic parameters
PI(°) 53.8+9.9
LL (%) 16.9+20.9
PI-LL (°) 36.9+20.6
SS (%) 22.7+114
PT (°) 3124109
TK (°) 142+13.7
TPA (°) 3124124
C7-SVA (mm) 74.6+61.6
Surgical data
Revision case 67 (18.4)
ALIF at L5-S1 81 (41.3)
LLIF at >14-5 space 84 (42.9)
ACR at >2L4-5 space 64 (32.7)
PSO 30 (15.3)
No. of interbody fusion levels 3.7+0.9
No. of total fusion levels 8.1+0.8
ULV levels
T9 38 (19.4)
T10 132 (67.3)
Tl1 26 (13.3)
TP hook fixation at UIV+1 25(12.8)
Cementing at UIV 39 (19.9)
Follow-up period (mo) 45.9+26.6

Values are presented as number (%) or mean + standard deviation.
ASA PS, American Society of Anesthesiology physical status; BMI,
body mass index; BMD, bone mineral density; DM, diabetes melli-
tus; PI, pelvic incidence; LL, lumbar lordosis; SS, sacral slope; PT,
pelvic tilt; TK, thoracic kyphosis; TPA, T1 pelvic angle; SVA, sagittal
vertical axis; ALIF, anterior lumbar interbody fusion; LLIF, lateral
lumbar interbody fusion; ACR, anterior column realignment; PSO,
pedicle subtraction osteotomy; TP, transverse process; UIV, upper-
most instrumented vertebra.

https://doi.org/10.14245/ns.2448734.367

Non-PJF PJF

Variables (n=153) (n=43) p-value
Patient factors
Female sex 128 (87.1) 42(85.7)  0.808
Age (yr) 67.6+67 704%62  0.009*
ASA PS classification grade 21+£05  21+05  0.929
BMI (kg/m?) 25.8+4.5 264+3.2 0.427
T-score on BMD -1.3+£15  -1.5+£12 0429
Osteoporosis 25(17.0) 11(224) 0.394
Perioperative use of teriparatide 20 (13.1) 7(16.3)  0.267
DM 26 (17.7)  10(204)  0.670
Smoking 5(3.4) 1(2.0) 0.693
Radiographic parameters
PI(°) 54.1+£9.7 529+104 0.444
LL (°) 18.1+20.9 13.2+20.7 0.161
PI-LL (°) 36.0+21.0 39.6+19.1 0.292
SS(°) 22.8+£10.7 224+134 0.834
PT (°) 31.4+10.7 304+104 0.596
TK (°) 149+13.8 12.0£13.3 0.192
TPA (°) 309+12.8 32.1+£11.3 0.574
C7-SVA (mm) 69.8+60.7 89.2+£62.7 0.056
Surgical factors
Revision case 50 (34.0) 17(34.7) 0.931
ALIF at L5-S1 59(40.1) 22(449) 0.558
LLIF at >L4-5 space 62 (42.2)  22(44.9)  0.739
ACR at >L4-5 space 43(29.3)  21(429)  0.079
PSO 22(150)  8(16.3) 0.819
No. of interbody fusion levels 37£10  3.8+0.8 0.526
No. of total fusion levels 8.1+0.7 8.0+0.8  0.680
TP hook fixation at UTV+1 23 (15.6) 2(4.1) 0.036*
Cementing at UIV 30 (19.6) 9(20.9) 0.982
Follow-up period (mo) 47.5+26.0 402%27.6 0.126

Values are presented as number (%) or mean + standard deviation.
PJE proximal junctional failure; ASA PS, American Society of Anes-
thesiology physical status; BMI, body mass index; BMD, bone min-
eral density; DM, diabetes mellitus; PI, pelvic incidence; LL, lumbar
lordosis; SS, sacral slope; PT, pelvic tilt; TK, thoracic kyphosis; TPA,
T1 pelvic angle; SVA, sagittal vertical axis; ALIF, anterior lumbar in-
terbody fusion; LLIF, lateral lumbar interbody fusion; ACR, anterior
column realignment; PSO, pedicle subtraction osteotomy; TP, trans-
verse process; UIV, uppermost instrumented vertebra.

*p <0.05, statistically significant differences.

to the revision cases, ALIF at L5-S1, LLIF or ACR at >14-5,
PSO, number of interbody and total fusion levels, cementing at
the UTV, and follow-up period. However, TP hook fixation at
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Table 3. Comparison of postoperative radiographic factors
for PJF development

Table 4. Multivariate stepwise regression analysis for PJF de-
velopment

Variable gloill};;l; (nP:]i 3) p-value
Conventional radiographic parameters

PI(°) 543+9.8 524+9.6 0.238

LL (°) 45.6+9.3 44.1+£9.0 0.319

LLL (°) 265+9.8 31.3%£9.0 0.003*

LDI (%) 58.8+20.4 72.0+18.9 <0.001*

PI-LL (°) 88456  84+57  0.686

SS (°) 33.5+8.1 33.3+8.7 0.896

PT () 207467 19.1+7.1  0.160

TK (°) 259+9.6 258%114  0.964

TPA (°) 16.8+7.0 182+7.2 0.678

C7-SVA (mm) 182+294 26.6+28.8  0.084

Correction status evaluation metrics

Age-adjusted PI-LL
Matched correction 153 (100) 43 (100) 1.000
Offset between target and 05+52  23%54 0.038*

actual PI-LL (°)*

SRS-Schwab PI-LL modifier 0.874
0(<10°) 90 (61.2)  32(65.3)

+ (10°-20°) 54 (36.7) 16 (32.7)
++ (>20°) 3(2.0) 1(2.0)

GAP score 0.167
Proportioned 12 (13.0) 6(21.4)
Moderately disproportioned 47 (51.1) 17 (60.7)

Severely disproportioned 33 (35.9) 5(17.9)

Restoration relative to Roussouly type 0.234
Appropriate 95 (64.6) 27 (55.1)
Nonappropriate 52(35.4) 22(44.9)

Values are presented as mean + standard deviation or number (%).
PJE proximal junctional failure; PI, pelvic incidence; LL, lumbar lor-
dosis; LLL, lower lumbar lordosis; LDI, lumbar distribution index; SS,
sacral slope; PT, pelvic tilt; TK, thoracic kyphosis; TPA, T1 pelvic an-
gle; SVA, sagittal vertical axis; SRS, Scoliosis Research Society; GAP,
Global Alignment Proportion.

*p<0.05, statistically significant differences. "Positive values indi-
cates that current alignment is relatively over-corrected to the age-
adjusted PI-LL target.

UIV+1 was performed more frequently in the non-PJF group
than in the PJF group (15.6% vs. 4.1%, p=0.036).

Regarding postoperative radiographic factors (Table 3), no
significant differences were observed between the 2 groups in
all conventional radiographic parameters, except for LLL and
LDI, both of which were significantly larger in the PJF group
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Variable p-value Oddsratio  95% CI
Age (yr) 0.046* 1.063 1.001-1.129
Preoperative C7-SVA (mm) 0.024* 1.007 1.001-1.013
Nonuse of TP hook at UIV+1  0.028% 5.556  1.205-19.621
LDI (%) <0.001* 1.136 1.109-1.164

PJE proximal junctional failure; CI, confidence interval; SVA, sagit-
tal vertical axis; TP, transverse process; UIV, uppermost instrument-
ed vertebra; LDI, lumbar distribution index.
*p <0.05, statistically significant differences.

compared to the no-PJF group (31.3° vs. 26.5°, p=0.003 for LLL;
72.0% vs. 58.8%, p<0.001 for LDI). Similar to the preoperative
C7-SVA, postoperative C7-SVA was greater in the PJF group
compared to the non-PJF group without statistical significance
(26.6 mm vs. 18.2 mm, p=0.084). Regarding the correction
status assessment, the PI-LL offset was significantly greater in
the PJF group compared to the non-PJF group (2.3° vs. 0.5°,
p=0.038). However, other global alignment metrics, including
the SRS-Schwab’s PI-LL sagittal modifier, GAP score, and Rous-
souly type algorithm, showed no differences in PJF development.

3. Multivariate Analysis for PJF Risk Factors

Multivariate logistic regression analysis revealed that old age
(odds ratio [OR], 1.063; 95% confidence interval [CI], 1.001-
1.129; p=0.046), high preoperative C7-SVA (OR, 1.007; 95%
CIL, 1.001-1.013; p=0.024), nonuse of TP hook at the UIV+1
(OR, 5.556; 95% CI, 1.205-19.621; p=0.028), and high LDI (OR,
1.136; 95% CI, 1.109-1.164; p <0.001) were significant risk fac-
tors for PJF development (Table 4).

4. Cutoff Values of LDI According to Roussouly Types

There were 10 patients with Roussouly type 1, 26 with Rous-
souly type 2, 110 with Roussouly type 3, and 50 with Roussouly
type 4. The cutoff values of LDI were calculated on the ROC
curve analysis according to each Roussouly type (Fig. 1). For
Roussouly type 1, the cutoff value of LDI could not be calculated
because this analysis did not reach statistical significance due to
small number of patients. The cutoff values of LDI were calcu-
lated as 70.9%, 66.6%, and 61.8% in Roussouly types 2, 3, and 4,
respectively (AUC=0.781; 95% CI, 0.632-0.931; p=0.011 for
Roussouly type 2; AUC=0.746; 95% CI, 0.628-0.865; p <0.001
for Roussouly type 3; AUC=0.776; 95% CI, 0.642-0.909; p=
0.007 for Roussouly type 4).

https://doi.org/10.14245/ns.2448734.367
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Roussouly type 2 (PI<45°) Roussouly type 3 (45°<PI<60°) Roussouly type 4 (P1=60°)
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Fig. 1. Receiver operating characteristic curve analysis to calculate the cutoff values of LDI according to Roussouly types. The
cutoff values of LDI were calculated as 70.9%, 66.6%, and 61.8% in Roussouly types 2, 3, and 4, respectively (AUC=0.781; 95%
CI, 0.632-0.931; p=0.011 for Roussouly type 2; AUC=0.746; 95% CI, 0.628-0.865; p <0.001 for Roussouly type 3; AUC=0.776;
95% CI, 0.642-0.909; p =0.007 for Roussoyly type 4). LDI, lumbar distribution index; AUC, area under the curve; CI, confidence

interval; PI, pelvic incidence.

Table 5. PJF rates according to use of hook and LDI values in
3 preoperative Roussouly types

PJF rates

Risk factors b it p-value
Preoperative Roussouly type 2 (n=26) 0.436
TP hook fixation+LDI < 70.9% 0% (0/2)
TP hook fixation+LDI>70.9% 0% (0/1)
Nonuse of TP hook+LDI< 70.9% 21.4% (3/14)
Nonuse of TP hook+LDI>70.9% 44.4% (4/9)
Preoperative Roussouly type 3 (n=110) 0.003*
TP hook fixation+LDI < 66.6% 0% (0/4)
TP hook fixation+LDI > 66.6% 14.3% (1/7)
Nonuse of TP hook+LDI < 66.6% 12.9% (8/62)
Nonuse of TP hook+LDI>66.6% 43.2% (16/37)
Preoperative Roussouly type 4 (n=50) <0.001*

TP hook fixation+LDI< 61.8% 0% (0/6)
TP hook fixation+LDI > 61.8% 8.0% (2/25)
Nonuse of TP hook+LDI< 61.8% 25.0% (1/4)
Nonuse of TP hook+LDI>61.8% 40.0% (6/15)

LDI, lumbar distribution index; PJF, proximal junctional failure; TP,
transverse process.
*p <0.05, statistically significant differences.

5. Stratified PJF Rates According to the Risk Factors

Since only TP hook fixation and LDI were surgically modifi-
able factors among the 4 risk factors, the PJF rates were calcu-
lated according to the presence or absence of these 2 risk factors
in each Roussouly type (Table 5). In Roussouly type 2, the PJF
rates showed a tendency to increase as with more risk factors

https://doi.org/10.14245/ns.2448734.367

albeit statistical significance (probably due to small number of
patients) (Fig. 2). Roussouly types 3 and 4 showed significantly
higher PJF rates as with more risk factors.

DISCUSSION

Although adequate correction of sagittal alignment signifi-
cantly decreased the risk of PJF after ASD surgery, it cannot
completely prevent the occurrence of PJF likely due to its mul-
tifactorial causes."”*** In this study, a considerable number of
patients (21.9%) developed PJF despite achieving ideal sagittal
correction. The incidence of PJF in the present study was com-
parable to those in previous studies, which have reported PJF
incidence of 11.5%-23.7% in patients with ideal correction ac-
cording to the age-adjusted PI-LL target.>'*'*" Since the perti-
nent PI-LL correction (e.g., age-adjusted PI-LL correction) in
long fusion surgery for ASD is most commonly prioritized, fac-
tors other than the optimal PI-LL correction need to be identi-
fied to further mitigate the risk of PJE In the current study, old
age, high preoperative C7-SVA, nonuse of a TP hook, and high
LDI were risk factors for PJF development in patients who achieved
ideal correction according to the age-adjusted PI-LL.

Old age is well-documented risk factor for the occurrence of
PJF in the literature.**>" The fact that age was significant risk
factor even though it was already embedded in the target PI-LL
goal, which is ([age-55]/2+3), suggests this scheme may not be
perfect one. In addition, other age-related factors, such as sar-
copenia and reduced recruiting capacity of compensatory mech-
anisms, may be also responsible for PJF development, rather

www.e-neurospine.org 1085



Park SJ, et al.

Risk Factors for PJF Despite Ideal Sagittal Correction

PO 6 weeks

e

Preoperatively

o)

?O 4 months

Aftegr revision

Fig. 2. An example of a 75-year-old female patient with a flatback deformity. (A) Preoperatively, her PI and LL was 58° and 28°,
respectively. Her lumbar curve shape was belonged to the Roussouly type 2. (B) She underwent corrective surgery from T10 to
pelvis. Postoperatively, her LL was restored to 51° showing matched correction relative to the age-adjusted PI-LL target. Given
that LLL was 40°, her LDI was calculated as 80.0%. (C) Four months after surgery, she developed PJF with a vertebral facture at
the UIV+1 level. (D) Revision surgery was performed due to progressive neurologic deficit. PI, pelvic incidence; LL, lumbar lor-
dosis; LLL, lower lumbar lordosis; LDI, lumbar distribution index; PJF, proximal junctional failure; UIV, uppermost instrument-

ed vertebra; PO, postoperative.

than age itself as proposed in the previous studies.”** High
preoperative C7-SVA has been also a well-recognized risk fac-
tor for PJE** Patients with higher preoperative C7-SVA neces-
sarily require greater amount of correction to reach the matched
PI-LL correction goal compared to those with lower preopera-
tive C7-SVA. This great amount of correction would in turn
impose the reciprocal stress at the proximal junction, provok-
ing PJF development. Additionally, increased preoperative C7-
SVA may reflect the weak compensatory function, which is also
associated with old age and weak musculature in the thoraco-
lumbar area. Although old age and increased preoperative C7-
SVA were significant risk factors in the multivariate analysis,
their odds ratios was not that high. In addition, it may be diffi-
cult to apply these risk factors to the real clinical practice be-
cause those are nonmodifiable factors.

Nonuse of TP hook at the UIV+1 was the strongest risk fac-
tor for PJF development (OR, 5.556). Theoretically, the use of a
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TP hook at the top of construct is superior to pedicle screw-only
fixation in decreasing the risk of PJK by minimizing the abrupt
change in stiffness from fixed vertebrae to nonfused segments
(that is, soft landing). Several biomechanical studies have dem-
onstrated that the TP hook reduces stress at the proximal junc-
tion by allowing gradual decrease of segmental motion than the
pedicle screw-only construct.”**® However, the effect of TP hook
to prevent PJF development has been debated in previous stud-
ies. Hassanzadeh et al.*” have shown that TP hooks were associ-
ated with reduced PJK incidence and better functional scores
compared to the pedicle screws. Conversely, Tsutsui et al.*” have
found that PJK incidence was significantly higher in the TP hook
group (35.7%) compared to the pedicle screw group (8.0%) in
spinopelvic fusion surgery for ASD. Meanwhile, Matsumura et
al.* have observed no significant difference in the PJF incidence
between the TP hook and pedicle screw fixation. These incon-

sistent clinical results concerning the effect of hook fixation may

https://doi.org/10.14245/ns.2448734.367



Park SJ, et al.

Risk Factors for PJF Despite Ideal Sagittal Correction

be attributable to the differences in postoperative correction
status among the studies. Since PJF occurrence is primarily af-
fected by the correction status (e.g., overcorrection),>>'*'*!* the
effectiveness of any preventive techniques should be evaluated
under conditions of ideal sagittal correction. A study by Line et
al.” involving 625 ASD patients found that using preventive sur-
gical implants (e.g., TP hooks) alone is less effective in prevent-
ing PJF; however, preventive techniques were effective when the
ideal sagittal correction is obtained. These findings are in agree-
ment with our results, which show that TP hook fixation is effec-
tive in preventing PJF in patients who had achieved adequate
sagittal correction. Therefore, we recommend the use of a TP
hook at the most proximal segment as a soft-landing procedure
to reduce junctional stress, along with adequate sagittal correction.

Finally, a high LDI was a significant risk factor for PJE. The
LDI represents the proportion of the lower LL within the entire
LL, indicating the shape of the LL. Although the age-adjusted
PI-LL scheme has provided us with the target LL, this metric
has a missing point with the absence of a lordosis shape. Even
in patients achieving the same amount of lordosis angle, the
lordosis shape may differ among patients with different LDI
values. Thus, adding the LDI component to the optimal PI-LL
correction could compensate for the missing point of lordosis-
targeting schemes, further decreasing the PJF risk. In the pres-
ent study, LDI was significantly higher in the PJF group com-
pared to the non-PJF group (72.0% vs. 58.8%, p <0.001). Since
the optimal values of LDI were suggested as 50%-80% (aligned
state) in the original GAP score system," the mean values of
LDI in both non-PJF and PJF groups in this study fell within
the optimal range relative to the LDI classification of GAP scor-
ing system. However, the normal range of LDI in the original
GAP score has been criticized due to its inaccuracy to predict
PJF development. Tobert et al.** observed no significant differ-
ences in the failure rates among hypolordotic, aligned, or hy-
perlordotic LDI categories, suggesting this categorization of LDI
cannot explain the PJF occurrence well. Several authors report-
ed that excessive LDI is associated with PJF development. Park
et al.'"** suggested that a higher LDI would result in a longer le-
ver arm from the apex of the LL to the UIV, potentially shifting
the UIV more posteriorly, thereby increasing PJF risk. To deter-
mine the upper limit of LDI value not to provoke the PJE the
cutoff values of LDI was calculated on ROC curve analysis.
Considering the normal LDI values vary according to Roussouly
types (or PI values), the cutoff values of LDI were calculated
separately in the Roussouly types. The calculated cutoft values
of LDI were 70.9%, 66.6%, and 61.8% in Roussouly types 2, 3,

https://doi.org/10.14245/ns.2448734.367

and 4, respectively, of which values seem to be reasonable, given
that the normal LDI values were reported as 66.6%, 63.6%, and
60.6% in Roussouly types 2, 3, and 4, respectively in a recent a
multiethnic alignment normative study.** Although the lower
limit of the optimal LDI was not established in the current
study, we thought that a significantly decreased LDI (e.g., great-
er LL correction in the upper lumbar region) could lead to a
significant increase in reciprocal kyphogenic force at the proxi-
mal junction, resulting in PJE*“ Further study is needed to es-
tablish the optimal range of LDL

The presence of these 2 modifiable risk factors (nonuse of a
TP hook and excessive LDI) differentiated the actual PJF rates
(Table 5). Although no statistical difference in PJF rates accord-
ing to the risk factors was observed in Roussouly type 2 (p=0.436),
the PJF rates clearly increased proportionally as with more risk
factors. This nonsignificant statistical power may be due to small
number of patients. Considering the above 4 risk factors com-
prehensively, we recommended the use of a TP hook at UIV
with avoiding excessive LDI, particularly in elderly patients with
high preoperative C7-SVA.

This study has a few limitations. First, this was a retrospective
study involving patients from a single institution, although they
were selected consecutively from a prospectively collected data-
base. Second, only patients with UIV located in the lower tho-
racic spine (T9-11) were included, limiting generalizability to
patients undergoing fusion to upper thoracic spine. Neverthe-
less, our inclusion criteria regarding UIV placement may be ad-
vantageous in minimizing fusion length-related bias, given the
distinct biomechanical characteristics between the lower and
upper thoracic levels. Third, although we demonstrated that TP
hook is a strong preventive factor against PJF development, TP
hook was utilized in only 25 of 196 patients (12.8%). This small
number of patients with TP hook could lead to bias in our re-
sults. Finally, we could not calculate the LDI cutoff value for
Roussouly type 1 owing to a small number of patients (n=10).
It is reported that the patients with Roussouly type 1 take up a
very small portion among all patients undergoing deformity
surgeries.”* Therefore, further research using a larger study co-
hort is warranted to determine the optimal LDI in patients with
Roussouly type 1. The normal LDI of Roussouly type 1 is re-
ported as approximately 80%.* However, when operating on a
patient with Roussouly type 1, it is necessary to reconsider
whether it should be restored to the same Roussouly type 1
postoperatively. Although several studies recommend that the
postoperative sagittal alignment better follow the original pre-

25,34

operative Roussouly types,** it may be technically very diffi-
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cult to make the lower LL approximately 80% of total lordosis
because it is not always possible to create a large angle at the
lower lumbar segment. Additionally, a recent study reported
that the conversion from preoperative Roussouly type 1 to
postoperative Roussouly type 2 can be allowed since its conver-
sion did not affect the surgical outcomes compared with resto-
ration to the original Roussouly type 1.*® This means that it may
not be necessary to maintain a “normal” large LDI of Roussouly
type 1, but the LDI corresponding to Roussouly type 2 can be
allowed for treating patients with Roussouly type 1.

CONCLUSION

A sizeable proportion of patients (21.9%) developed PJF de-
spite achieving ideal sagittal correction according to the age-
adjusted PI-LL target. The risk factors for the PJF were old age,
high preoperative C7-SVA, nonuse of TP hook, and high LDI.
Therefore, use of TP hooks at the UIV+1 with avoiding exces-
sive LDI is recommended to further mitigate PJF development,
even if patients achieved adequate PI-LL correction.

NOTES

Conflict of Interest: The authors have nothing to disclose.

Funding/Support: This study received no specific grant from
any funding agency in the public, commercial, or not-for-profit
sectors.

Author Contribution: Conceptualization: SJP, CSL; Data cu-
ration: JSP, DHK, MK, KJ; Formal analysis: SJ, DHK; Methodol-
ogy: DHK; Project administration: DHK; Visualization: SJP;
Writing - original draft: SJP; Writing — review & editing: SJP.

ORCID
Se-Jun Park: 0000-0002-2412-9437
Jin-Sung Park: 0000-0001-6517-8609
Dong-Ho Kang: 0000-0002-9114-0150
Minwook Kang: 0000-0003-2719-1989
Kyunghun Jung: 0000-0002-2224-604X
Chong-Suh Lee: 0000-0003-1373-4815

REFERENCES

1. Kim HJ, Yang JH, Chang DG, et al. Proximal junctional ky-
phosis in adult spinal deformity: definition, classification,
risk factors, and prevention strategies. Asian Spine J 2022;
16:440-50.

1088 www.e-neurospine.org

2. Park SJ, Park JS, Nam Y], et al. The long-term fate of asymp-
tomatic proximal junctional kyphosis following long instru-
mented fusion in elderly patients with sagittal imbalance.
Spine (Phila Pa 1976) 2021;46:E1097-104.

3. Hostin R, McCarthy I, O’Brien M, et al. Incidence, mode,
and location of acute proximal junctional failures after sur-
gical treatment of adult spinal deformity. Spine (Phila Pa
1976) 2013;38:1008-15.

4. Park §J, Lee CS, Chung SS, et al. Different risk factors of prox-
imal junctional kyphosis and proximal junctional failure
following long instrumented fusion to the sacrum for adult
spinal deformity: survivorship analysis of 160 patients. Neu-
rosurgery 2017;80:279-86.

5. Park SJ, Lee CS, Kang BJ, et al. Validation of age-adjusted
ideal sagittal alignment in terms of proximal junctional fail-
ure and clinical outcomes in adult spinal deformity. Spine
(Phila Pa 1976) 2022;47:1737-45.

6. Smith MW, Annis P, Lawrence BD, et al. Early proximal
junctional failure in patients with preoperative sagittal im-
balance. Evid Based Spine Care ] 2013;4:163-4.

7. Yagi M, Yamanouchi K, Fujita N, et al. Proximal junctional
failure in adult spinal deformity surgery: an in-depth review.
Neurospine 2023;20:876-89.

8. Lafage R, Schwab E Challier V; et al. Defining spino-pelvic
alignment thresholds: should operative goals in adult spinal
deformity surgery account for age? Spine (Phila Pa 1976)
2016;41:62-8.

9. Lee BJ, Bae SS, Choi HY, et al. Proximal junctional kyphosis
or failure after adult spinal deformity surgery - review of
risk factors and its prevention. Neurospine 2023;20:863-75.

10. Lee CS, Park JS, Nam Y, et al. Long-term benefits of appro-
priately corrected sagittal alignment in reconstructive sur-
gery for adult spinal deformity: evaluation of clinical outcomes
and mechanical failures. ] Neurosurg Spine 2020;34:390-8.

11. Noh SH, Lee HS, Park GE, et al. Predicting mechanical com-
plications after adult spinal deformity operation using a ma-
chine learning based on modified global alignment and pro-
portion scoring with body mass index and bone mineral
density. Neurospine 2023;20:265-74.

12. Park S, Lee CS, Park JS, et al. A validation study of four pre-
operative surgical planning tools for adult spinal deformity
surgery in proximal junctional kyphosis and clinical outcomes.
Neurosurgery 2023;93:706-16.

13. Park SJ, Lee CS, Park JS, et al. Risk factors for radiographic
progression of proximal junctional fracture in patients un-

dergoing surgical treatment for adult spinal deformity. J

https://doi.org/10.14245/ns.2448734.367



Park SJ, et al.

Risk Factors for PJF Despite Ideal Sagittal Correction

Neurosurg Spine 2023;39:765-73.

14. Park SJ, Lee CS, Park JS, et al. Introduction of a new radio-
graphic parameter to predict proximal junctional kyphosis
in adult spinal deformity: UIVPTA (uppermost instrument-
ed vertebra-pelvic tilt angle). Neurospine 2023;20:969-80.

15.Yilgor C, Sogunmez N, Boissiere L, et al. Global Alignment
and Proportion (GAP) Score: development and validation
of a new method of analyzing spinopelvic alignment to pre-
dict mechanical complications after adult spinal deformity
surgery. ] Bone Joint Surg Am 2017;99:1661-72.

16.Byun CW, Cho JH, Lee CS, et al. Effect of overcorrection on
proximal junctional kyphosis in adult spinal deformity: anal-
ysis by age-adjusted ideal sagittal alignment. Spine J 2022;
22:635-45.

17.Schwab E, Ungar B, Blondel B, et al. Scoliosis Research Soci-
ety-Schwab adult spinal deformity classification: a validation
study. Spine (Phila Pa 1976) 2012;37:1077-82.

18. Lafage R, Schwab E Glassman S, et al. Age-adjusted align-
ment goals have the potential to reduce PJK. Spine (Phila Pa
1976) 2017;42:1275-82.

19. Line BG, Bess S, Lafage R, et al. Effective prevention of prox-
imal junctional failure in adult spinal deformity surgery re-
quires a combination of surgical implant prophylaxis and
avoidance of sagittal alignment overcorrection. Spine (Phila
Pa 1976) 2020;45:258-67.

20.Kim HJ, Boachie-Adjei O, Shaffrey CI, et al. Upper thoracic
versus lower thoracic upper instrumented vertebrae end-
points have similar outcomes and complications in adult
scoliosis. Spine (Phila Pa 1976) 2014;39:E795-9.

21.Park SJ, Lee CS, Park JS, et al. Should thoracolumbar junc-
tion be always avoided as upper instrumented vertebra in
long instrumented fusion for adult spinal deformity?: risk
factor analysis for proximal junctional failure. Spine (Phila
Pa 1976) 2020;45:686-93.

22. Passias PG, Jalai CM, Diebo BG, et al. Full-body radiograph-
ic analysis of postoperative deviations from age-adjusted
alignment goals in adult spinal deformity correction and re-
lated compensatory recruitment. Int J Spine Surg 2019;13:
205-14.

23.Lovecchio F, Lafage R, Line B, et al. Optimizing the defini-
tion of proximal junctional kyphosis: a sensitivity analysis.
Spine (Phila Pa 1976) 2023;48:414-20.

24. Passias PG, Pierce KE, Raman T, et al. Does matching rous-
souly spinal shape and improvement in SRS-Schwab modi-
fier contribute to improved patient-reported outcomes?
Spine (Phila Pa 1976) 2021;46:1258-63.

https://doi.org/10.14245/ns.2448734.367

25.Pizones ], Martin MB, Perez-Grueso FJS, et al. Impact of
adult scoliosis on Roussouly sagittal shape classification. Spine
(Phila Pa 1976) 2019;44:270-9.

26.Kim HJ, Yang JH, Chang DG, et al. Adult spinal deformity:
a comprehensive review of current advances and future di-
rections. Asian Spine ] 2022;16:776-88.

27.Murata K, Otsuki B, Shimizu T, et al. Sagittal section houn-
stield units of the upper instrumented vertebrae as a predic-
tor of proximal junctional vertebral fractures following adult
spinal deformity surgery. Asian Spine J 2024;18:209-17.

28.Zhao ], Nie Z, Zhang Z, et al. Multiple-rod constructs in
adult spinal deformity surgery: a systematic review and me-
ta-analysis. Asian Spine ] 2023;17:985-95.

29.Hart R, McCarthy I, O’brien M, et al. Identification of deci-
sion criteria for revision surgery among patients with proxi-
mal junctional failure after surgical treatment of spinal de-
formity. Spine (Phila Pa 1976) 2013;38:E1223-7.

30. Park SJ, Park JS, Lee CS, et al. Proximal junctional failure af-
ter corrective surgery: focusing on elderly patients with se-
vere sagittal imbalance. Clin Orthop Surg 2023;15:975-82.

31. Yagi M, Rahm M, Gaines R, et al. Characterization and sur-
gical outcomes of proximal junctional failure in surgically
treated patients with adult spinal deformity. Spine (Phila Pa
1976) 2014;39:E607-14.

32.Hyun SJ, Kim Y], Rhim SC. Patients with proximal junction-
al kyphosis after stopping at thoracolumbar junction have
lower muscularity, fatty degeneration at the thoracolumbar
area. Spine ] 2016;16:1095-101.

33.0Ohba T, Koji E Koyama K, et al. Preoperative radiographic
evaluation of thoracic flexibility and compensation for adult
spinal deformity surgery. How to select optimal upper in-
strumented vertebra to prevent proximal junctional kypho-
sis. Spine (Phila Pa 1976) 2022;47:144-52.

34. Protopsaltis TS, Diebo BG, Lafage R, et al. Identifying tho-
racic compensation and predicting reciprocal thoracic ky-
phosis and proximal junctional kyphosis in adult spinal de-
formity surgery. Spine (Phila Pa 1976) 2018;43:1479-86.

35. Park SJ, Lee CS, Park JS, et al. Does the amount of correction
of sagittal deformity really promote proximal junctional ky-
phosis? Multivariate analyses according to uppermost in-
strumented vertebra levels. World Neurosurg 2023 Jun 27:
S1878-8750(23)00878-1. doi: 10.1016/j.wneu.2023.06.095.
[Epub].

36.Durrani A, Jain V, Desai R, et al. Could junctional problems
at the end of a long construct be addressed by providing a

graduated reduction in stiffness? A biomechanical investi-

www.e-neurospine.org 1089



Park SJ, et al.

Risk Factors for PJF Despite Ideal Sagittal Correction

gation. Spine (Phila Pa 1976) 2012;37:E16-22.

37.Metzger MF, Robinson ST, Svet MT, et al. Biomechanical
analysis of the proximal adjacent segment after multilevel
instrumentation of the thoracic spine: do hooks ease the tran-
sition? Global Spine J 2016;6:335-43.

38. Thawrani DP, Glos DL, Coombs MT, et al. Transverse pro-
cess hooks at upper instrumented vertebra provide more
gradual motion transition than pedicle screws. Spine (Phila
Pa 1976) 2014;39:E826-32.

39. Hassanzadeh H, Gupta S, Jain A, et al. Type of Anchor at the
Proximal fusion level has a significant effect on the incidence
of proximal junctional kyphosis and outcome in adults after
long posterior spinal fusion. Spine Deform 2013;1:299-305.

40. Tsutsui S, Hashizume H, Yukawa Y, et al. Optimal anchor at
the uppermost instrumented vertebra in long fusion from
the pelvis to the lower thoracic spine in elderly patients with
degenerative spinal deformity: hook versus pedicle screw.
Clin Spine Surg 2022;35:E280-4.

41. Matsumura A, Namikawa T, Kato M, et al. Effect of differ-
ent types of upper instrumented vertebrae instruments on
proximal junctional kyphosis following adult spinal defor-
mity surgery: pedicle screw versus transverse process hook.
Asian Spine ] 2018;12:622-31.

42. Tobert DG, Davis BJ, Annis P, et al. The impact of the lordo-
sis distribution index on failure after surgical treatment of
adult spinal deformity. Spine ] 2020;20:1261-6.

43. Park SJ, Kim H]J, Lee CS, et al. Clinical significance of lordo-

1090 www.e-neurospine.org

sis orientation on proximal junctional kyphosis development
in long-segment fusion surgery for adult spinal deformity.
World Neurosurg 2024;183:€282-92.

44. Shen Y, Sardar ZM, Malka M, et al. Characteristics of spinal
morphology according to the Global Alignment and Pro-
portion (GAP) Score in a diverse, asymptomatic cohort:
multi-ethnic alignment normative study. Spine (Phila Pa
1976) 2024;49:979-89.

45. Lafage R, Obeid I, Liabaud B, et al. Location of correction
within the lumbar spine impacts acute adjacent-segment
kyphosis. ] Neurosurg Spine 2018;30:69-77.

46. Ohba T, Ebata S, Oba H, et al. Correlation between postop-
erative distribution of lordosis and reciprocal progression of
thoracic kyphosis and occurrence of proximal junctional
kyphosis following surgery for adult spinal deformity. Clin
Spine Surg 2018;31:E466-72.

47.Shen Y, Sardar ZM, Malka M, et al. Characteristics of spinal
morphology according to the “current” and “theoretical”
Roussouly classification systems in a diverse, asymptomatic
cohort: multi-ethnic alignment normative study (MEANS).
Global Spine ] 2024 Feb 28:21925682241235611. doi: 10.
1177/21925682241235611. [Epub].

48.Sun W, Wang S, Wang B, et al. Surgical treatment of Rous-
souly type 1 with realigning Roussouly spinal shape and im-
proving SRS-Schwab modifier: effect on minimal clinically
important difference. Eur Spine J 2024;33:2486-94.

https://doi.org/10.14245/ns.2448734.367



