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Abstract

Purpose To evaluate the impact of the lowest instrumented vertebra (LIV) on Distal Junctional kyphosis (DJK) incidence
in adult cervical deformity (ACD) surgery.

Methods Prospectively collected data from ACD patients undergoing posterior or anterior—posterior reconstruction at 13
US sites was reviewed up to 2-years postoperatively (n=140). Data was stratified into five groups by level of LIV: C6-C7,
T1-T2, T3-Apex, Apex-T10, and T11-L2. DJK was defined as a kyphotic increase > 10° in Cobb angle from LIV to LIV-1.
Analysis included DJK-free survival, covariate-controlled cox regression, and DJK incidence at 1-year follow-up.

Results 25/27 cases of DIK developed within 1-year post-op. In patients with a minimum follow-up of 1-year (n=102), the
incidence of DJK by level of LIV was: C6-7 (3/12,25.00%), T1-T2 (3/29, 10.34%), T3-Apex (7/41, 17.07%), Apex-T10 (8/11,
72.73%), and T11-L2 (4/8, 50.00%) (p <0.001). DJK incidence was significantly lower in the T1-T2 LIV group (adjusted
residual = —2.13), and significantly higher in the Apex-T10 LIV group (adjusted residual =3.91). In covariate-controlled
regression using the T11-L2 LIV group as reference, LIV selected at the T1-T2 level (HR=0.054, p=0.008) or T3-Apex
level (HR=0.081, p=0.010) was associated with significantly lower risk of DJK. However, there was no difference in DJK
risk when LIV was selected at the C6-C7 level (HR =0.239, p=0.214).

Conclusion DJK risk is lower when the LIV is at the upper thoracic segment than the lower cervical segment. DJK incidence
is highest with LIV level in the lower thoracic or thoracolumbar junction.
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Introduction

Adult cervical deformity can be a severely disabling dis-
ease that leads to significant compromise of patients’
health-related quality of life (HRQOL) [1, 2]. Advances
in instrumentation and correction techniques have given
surgeons efficient tools to treat these high-risk pathologies
[3—7]. However, adult cervical deformity surgery is still
associated with high complication rates sometimes exceed-
ing 50% and high revision rates frequently exceeding 20%
[8—10]. As a result, the durability of cervical deformity
correction remains a challenge for surgeons and patients.

Junctional kyphosis is one of the most common com-
plications leading to revision surgery following long-level
fusions for spinal deformity [11, 12]. Junctional kyphosis
includes proximal junctional kyphosis (PJK) and distal
junctional kyphosis (DJK), which is defined by the post-op
kyphosis developed in the proximal or distal area of instru-
mentation. Based on abundant thoracolumbar deformity
surgeries, proximal and distal junctional kyphosis is well
studied and provides a useful guideline for planning sur-
gical correction [13-16]. However, there are relatively
fewer studies on the incidence and risk factors for PJK/
DJK in adult cervical deformity surgery. Given the recent
increase of adult cervical deformity surgeries stemming
from advances in instrumentation and technique, further
studies evaluating the development of junctional kyphosis
after cervical deformity surgery are needed.

DJK is defined as the loss of alignment at one or two
levels distal to the lowest instrumented vertebra (LIV) on
radiographs. In studies of Scheuermann's disease, the inci-
dence of DJK was found to be closely associated with the
level of LIV [17-22]. These studies also suggested that
the incidence of DJK could be minimized by selecting the
LIV to include the first lordotic disc and/or the first sagit-
tal stable vertebra in the fusion construct [17-22]. DJK in
relation to LIV after cervical deformity surgery has been
scarcely studied [23, 24]. This study aims to investigate
whether development of DJK is correlated with LIV level
in adult cervical deformity patients undergoing posterior
reconstruction.

Materials and methods
Study design and patient criteria

Data was reviewed from a prospectively collected data-
base of adult cervical deformity patients from 13 spine
centers in the United States, which was approved by the
institutional review board (IRB) at each participating unit.

A waiver of informed consent was granted by the IRB
at each institution. Inclusion criteria for patients under-
going cervical deformity reconstruction were (1) patient
age > 18 years (2) posterior or combined anterior and pos-
terior approach (3) at least one radiographic evidence of
cervical deformity as follows: C2-7 sagittal vertical axis
(cSVA) >4 cm, chin-brow vertical angle (CBVA) > 25°,
cervical scoliosis (C2-7 coronal Cobb angle > 10°), or
cervical kyphosis (C2-7 Cobb angle > 10°). Patients with
active tumors or primary spinal infections were excluded.

Data collection and analysis

Extracted demographic and clinical data included age, sex,
smoking status, diabetes, osteoporosis, Charlson Comorbid-
ity Index (CCI), body mass index (BMI), baseline neuro-
logical impairment, and hand muscle atrophy. Additionally,
extracted surgical data included direction of approach, num-
ber of vertebral levels fused, amount/type of osteotomies,
and level of LIV.

Patients were evaluated at baseline and postoperatively at
3-months, 6-months, 1-year, and 2-years using full-length
free standing lateral spine radiographs (36" long-cassette
or EOS imaging). Radiographic analysis was completed at
a single center with standard techniques using SpineViewR
(ENSAM, Laboratory of Biomechanics, Paris, France) [25].
Radiographic parameters were measured including C2-7
coronal Cobb angle, C2-7 Cobb angle, CBVA, C7-T1 Har-
rison angle, T1-T3 Cobb angle, T4-T12 Cobb angle, cSVA,
C2-T3 SVA and LIV to LIV-1 vertebra Cobb angle [26]. The
definition of DJK used was kyphotic increase > 10° in the
Cobb angle from LIV to LIV-1 compared to baseline. The
Cobb angle was measured from the superior endplate of LIV
to the inferior endplate of LIV-1.

For analysis, patients were stratified into five groups by
level of LIV: C6-7, T1-T2, T3-Apex, Apex-T10, and T11-L2.
In patients with a minimum follow-up of 1 year, DIK-free
survival, covariate-controlled cox regression, and incidence
of DIK at 1-year follow-up was compared across the five
LIV groups. Critical preoperative sagittal parameters were
also compared across the five LIV groups, including C2-7
Cobb angle, C7-T1 Harrison angle, T1-T3 Cobb angle,
T4-T12 Cobb angle, T1 slope (T1S), and C2-7 SVA.

Statistical analysis

In patients with a minimum follow-up of 1-year, demo-
graphic data between DJK and non-DJK patients was eval-
uated using the chi-square test, Mann—Whitney U test, or
T-test depending on the type of variable. Incidence of DJK
at 1-year across the five LIV cohorts was evaluated using
the chi-square test. The survival analysis of DJK develop-
ment was performed by Kaplan—-Meier method. The survival
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analysis of DJK development of each LIV group was per-
formed using cox regression while controlling for previously
described relevant covariates [24]. Critical preoperative sag-
ittal parameters were compared across the five LIV groups
using ANOVA or Kruskal-Wallis test. Statistical signifi-
cance for all analysis was set at p value <0.05. Statistical
analyses were performed using the SPSS Statistic software
28.0 IBM, USA).

Results
Demographics and clinical details

140 cases of adult cervical deformity patients were included
for analysis (61.95+10.21 years old, 60.71% female, BMI:
29.52 +7.67 kg/m?). The most common diagnoses for these
cervical deformity patients were degenerative kyphosis
(48.50%) and cervical stenosis (10.71%). The most com-
mon comorbidities included 32.84% patients with depres-
sion, 17.14% with osteoporosis, 10.00% with diabetes, and
7.74% with smoking use. Moreover, 44.05% of patients had
at least one prior cervical spine surgery.

Cervical deformity reconstruction for these patients
involved a mean of 10.29 +4.47 levels fused. Furthermore,
60% of patients had a combined anterior—posterior approach,
62.86% had at least one posterior osteotomy, 15% had at
least one posterior pedicle subtraction osteotomy (PSO), and
7.86% had at least one vertebral column resection (VCR).

DJK incidence and comparison of indicators
between DJK and non-DJK cases

140 cases were followed for at least 3 months, 102 cases
were followed for at least 1 year, and 50 cases were followed
for at least 2 years. 27 cases developed DJK in the follow-up
period, and 25 cases occurred within 1-year post-op. The
survival curve of DJK in the follow-up period is demon-
strated in Fig. 1.

In patients with a minimum follow-up of 1-year
(n=102), 25 cases (24.51%) developed DJK within
the first postoperative year. DJK patients had a higher
mean CCI score than non-DJK patients (1.50 vs 0.94,
p=0.03) but had otherwise no significant difference in
age, gender, smoking status, diabetes, osteoporosis, or
BMI. With respect to surgery, DJK patients had a higher
mean number of levels fused (11.68 vs 9.32, p<0.01) and
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Fig. 1 Kaplan—Meier survival curve modeling incidence of distal junctional kyphosis (DJK) over time after cervical deformity surgery
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Table 1 The demographics of
DJK and Non-DJK groups at
1-year follow-up (n=102)

posterior osteotomies (4.68 vs 1.99, p<0.01) than non-
DJK patients, but had otherwise no significant difference
in approach or proportions of PSO/VCR (Table 1).

Fig.2 Upper: DJK and Non-
DIJK patients distribution in
each LIV level at 1-year follow-
up. Lower: DJK and Non-DIK
patients distribution in each
LIV group at 1-year follow-up
(P<0.001)

Demographics DIK (n=25) Non-DJK (n=77) P value
Gender

Male 1 (%) 8 (32.00%) 27 (35.06%) 0.779%®
Female n (%) 17 (68.00%) 50 (64.94%)

Age (years) Mean +SD 62.32+8.33 61.58+10.25 0.719°
BMI Mean +SD 28.27 +5.66 28.54+9.40 0.861°
Current Smoker n (%) 2 (8.00%) 4 (5.19%) 0.636°
Diabetes n (%) 4(16.00%) 11 (14.29%) 0.833%
Osteoporosis 1 (%) 8 (32.00%) 13 (16.88%) 0.104®
Charlson Comorbidity Index n (%) 1.50+1.40 0.94+1.32 0.034°
Neural Weakness n (%) 11 (44.00%) 36 (46.75%) 0.810%
Prior cervical spine surgery n (%) 13 (52.00%) 32 (41.56%) 0.388%
Levels fused Mean +SD 11.68+4.24 9.32+343 0.006°
Combined Anterior Approach n (%) 7 (28.00%) 33 (42.86%) 0.186°
Number of osteotomies Mean +SD 4.68+4.05 1.99+3.15 0.001°
PSO n (%) 5 (20.00%) 12 (15.58%) 0.683%
VCR 1 (%) 0 (0%) 5 (6.49%) 0.330°

Bold values indicate p-value < 0.05

@ Independent Simples T-test; ® Chi-square Test, ® Mann—Whitney U Test. DJK: distal junctional kyphosis.
BMI: body mass index. PSO: pedicle subtraction osteotomy. VCR: vertebral column resection

Numbers of Cases

Numbers of Cases

Comparison of DJK incidence in five LIV groups

In patients with a minimum follow-up of 1-year (n=102),
the incidence of DJK at 1-year was: C6-7 group (3/12
cases, 25.00%), T1-T2 group (3/29 cases, 10.34%),

— DJK
mm NON-DJK

-
1 1

1 1 1 F-

C6 C7 T1 T2 T3 T4 T5 T6 T7 T8 T9 T10T11T12 L1 L2 L3 L4 L5 S1

40+

30+

20+

10+

H DJK
1 NON-DJK
| 1 . lﬂ I
C 6-7 T1-2 T 3-APEX APEX-T 10 T11-L 2

@ Springer



1602

European Spine Journal (2023) 32:1598-1606

Table 2 Cross-tabulation of DJK and LIV distribution of 5 LIV (lowest instrucmental vertebrae) groups at 1 year follow-up (n=101)

Groups of LIV C6-7 T1-T2

T3-Apex Apex-T10 T11-L2

Non-DJK n (%) [Adjusted residual]  9(75.00%) [—0.02]
DIK n (%) [Adjusted residual] 3(25.00%) [0.02]

26(89.65%) [2.13]*
3(10.34%) [-2.13]*

34(82.93%) [1.48]
7(17.07%) [—1.48]

3(27.27%) [-3.91]*
8(72.73%) [3.911*

4(50.00%) [—1.72]
4(50.00%) [1.72]

Bold values indicate p-value < 0.05

2x5 Chi-square Test, P<0.001. Absolute values of adjusted residual >2 can be consider as a significant difference contrast with the average. *
mean DJK incidence in group is significantly different with average. # LIV in 1 case was S1, was excluded in grouping

T3-Apex group (7/41 cases, 17.07%), Apex-T10 group
(8 /12 cases, 72.73%), and T11-L2 group (4/8 cases,
50.00%) (p <0.001) (Fig. 2). DJK incidence in the T1-T2
LIV group was significantly lower than average (adjusted
residuals =2.13), and DJK incidence in the Apex-T10
LIV group was significantly higher than average (adjusted
residuals =3.91) (Table 2).

The survival curves of DJK development with controlled
covariates demonstrated significantly different development
of DJK in the five LIV groups (p=0.001) (Fig. 3). The risk
of DJK from low-to-high in the five groups was T1-T2,
T3-Apex, C6-7, Apex-T10, and T11-L2. Using the T11-L2
LIV group as reference, cox regression demonstrated a sig-
nificantly lower risk of DJK in the T1-T2 LIV group (Haz-
ard Ratio (HR) =0.054, 95%CI:0.006-0.463, P=0.008) and

the T3-Apex LIV group (HR=0.081, 95% CI:0.012-0.542,
P=0.010), In comparison, there was no significant differ-
ence in DJK risk for the C6-7 LIV group (P=0.214) or the
Apex-T10 LIV group (p=0.322).

Comparison of preoperative cervical and thoracic
sagittal parameters

There was significant difference between the five LIV groups
in preoperative C7-T1 Harrison angle (p<0.01), T1-T3
Cobb angle (p <0.01), T4-T12 Cobb angle (p=0.019), T1S
(»<0.01) and C2-C7 SVA (p <0.01), but no significant dif-
ference in C2-C7 Cobb angle (Table 3).

There was no significant difference in any of the preop-
erative sagittal parameters in multiple comparisons between

LIV
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Log rank: y2=31.21, P=0.008

02/ C6-C7 LIV group: HR=0.239, 95%Cl:0.025-2.286, P=0.214
T1-T2 LIV group: HR=0.054, 95%CI:0.006-0.463, P=0.008
T3-Apex LIV group: HR=0.081, 95%Cl:0.012-0.542, P=0.010
Apex-T10 LIV group: HR=0.381, 95%Cl:0.056-2.574, P=0.322

T11-L2 LIV group: Reference group
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Fig.3 Survival curve of distal junctional kyphosis (DJK) development in each LIV while controlling for other covariates
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Table 3 Comparisons of pre-op cervical and thoracic sagittal parameters in 5 LIV groups

Group C2-C7 Cobb C7-T1 Harrison T1-T3 Cobb T4-T12 Cobb C2-C7 SVA(mm) T1 slope(°)
angle(°) angle(°) angle(°) angle(®)

Cc6-7° —6.86+24.74 3.48+7.70 —6.10+17.43 —44.28+8.90 34.27+25.65 26.47+19.74
T1-T2° —-8.50+15.52 4.82+7.52 —-4.67+12.67 -36.88+11.79 40.39+£24.20 26.59+13.49
T3-Apex® —8.98+26.62 -1.41+8.44 —13.90+14.33 -41.72+16.17 56.00+18.89 36.91+18.41
Apex-T10° —2.44+27.26 -0.30+£5.92 —28.35+16.76 -41.90+19.29 63.54+17.87 47.33+16.78
T11-L2° -0.61+25.73 -2.33+4.82 —22.08+13.99 —56.05+17.62 64.32+15.37 53.19+19.80
P value* 0.799 0.001 <.001 0.019 <.001 <.001
Multiple compari-

sons
P value®® 0.849 0.584 0.788 0.118 0.435 0.981
P value® 0.925 <0.001 0.004 0.120 0.001 0.005
P value®® 0.349 0.612 0.001 0.967 0.235 0.035
P value®® 0.393 0.024 <0.001 0.252 <0.001 <0.001
P value®® 0.351 0.740 0.141 0.012 0.307 0.009
P value®® 0.858 0.523 0.320 0.029 0.932 0.410

Bold values indicate p-value < 0.05

P value*, total P value of one way ANOVA. P value® is P value of multiple comparison between C6-7® and T1-T22, so are the others. Five LIV

groups was numbered as C-6-7%, T1-T2%, T3-Apex®, Apex-T10%, T11-L2®

the C6-7 and T1-T2 LIV groups. C7-T1 Harrison angle and
C2-C7 SVA were significantly different in the comparisons
between T1-T2 and T3-Apex groups and between T1-T2 and
Apex-T10 groups. T1S and T1-T3 Cobb angle were signifi-
cantly different across the T1-T2, T3-Apex, and Apex-T10
groups. When evaluating more distal fusions, the T4-T12
Cobb angle was significantly different across the T3-Apex,
Apex-T10, and T11-L2 groups. Moreover, T1 slope was
significantly different between the T3-Apex and T11-L2
groups, but not between the Apex-T10 and T11-L2 groups
(Table 3).

Discussion

In our study, DJK occurred most frequently in the first
postoperative year. DJIK incidence was lowest in the T1-T2
LIV group (10.34%) and T3-Apex group (17.07%). DJK
incidence was highest in the Apex-T10 LIV (72.73%) and
T11-L2 LIV (50%) groups. Covariate-controlled regression
demonstrated that LIV at the T1-T2 or T3-Apex level was
associated with significantly lower risk of DJK. However,
LIV at the C6-C7 level did not significantly affect the risk
of DJK. Therefore, the selection of LIV level may play a
critical role in the development of DJK in adult cervical
deformity patients, especially when LIV is selected in the
lower thoracic segment or thoracolumbar junction.
Furthermore, this study found that the preoperative sag-
ittal parameters of T1 slope, T1-T3 Cobb, C7-T1 Harrison
angle, and C2-C7 SVA angle were significantly different
between the T1-T2 LIV group and T3-Apex LIV group.

This may suggest that surgeons preferred to lengthen the
instrumentation from T1-T2 to proximal thoracic verte-
bras above the apex of thoracic kyphosis when there was a
kyphotic deformity at the cervicothoracic junction. The sag-
ittal parameters of T1 slope and T1-T3 Cobb angle were also
significantly different between the T3-Apex LIV group and
Apex-T10 LIV group. This suggests that surgeons preferred
to extend instrumentation to apex distal thoracic vertebras
when there was severely abnormal T1 slope or kyphotic
T1-T3 Cobb angle. Moreover, the T4-T12 Cobb angle was
significantly larger in T11-L2 LIV group as compared to
the Apex-T10 LIV group, suggesting that surgeons preferred
to correct the hyper-kyphotic thoracic spine and extend the
instrumentation to the thoracolumbar junction or the lumbar
spine.

The covariate-controlled survival curve of DJK demon-
strated that the C6-7 LIV group had a lower survival rate
compared to the T1-T2 LIV group despite similar preopera-
tive sagittal parameters. This result is supported by previ-
ous studies which have shown that selection of LIV at the
junctional regions increases the risk of junctional kyphosis
or failure in long-level spinal fusions [27-31]. It appears
that selection of LIV at the T1-T2 level allows the construct
to cross the cervicothoracic junction and reduce the risk of
DIJK. This tendency of LIV selection was also demonstrated
in our study, with LIV located at C6-7 in 9.3% of cases and
at T1-2 in 30.0% of cases. These results suggest that fusion
should be extended into the proximal thoracic segments
instead of stopping at the distal cervical segments, although
further studies with a larger number of cases are needed to
confirm this view.
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Our study also found that the fusion was more likely to
be extended from T1-T2 if the cervical deformity extended
across the cervicothoracic junction. When the T1 slope or
T1-T3 Cobb angle was extremely high, instrumentation was
extended even across the apex of thoracic kyphosis. Our
study suggests that stopping the fusion at the proximal-apex
thoracic vertebral levels does not increase the risk of devel-
oping DJK, but stopping the fusion at apex-distal vertebral
levels does increase the risk of DJK. This difference may be
related to other factors other than the sagittal malalignment
at baseline, such as the tendency of the fused proximal trunk
mass to move forward leading to a force acting on the distal
segments. The differential orientation of proximal-apex and
apex-distal vertebrae may lead the apex-distal vertebrae to
bear more stress. With a more distal LIV, the increased force
of the fused proximal trunk mass and longer movement arm
causes the LIV-1 vertebra to suffer higher stress in apex-
distal LIV patients (Fig. 4). The increase of the stress on
distal junction segments would lead to a high risk of DJK
in apex-distal LIV patients. Therefore, LIV should not be
extended past the proximal-apex vertebrae unless there is an
obvious indication to further extend the construct.

In this study, the incidence of DJK was higher in patients
with LIV at the thoracolumbar segments or apex-T10 seg-
ments. This could be explained by prior research on Scheu-
ermann's disease and other thoracic kyphotic deformity
etiologies [21, 29, 32, 33]. When LIV is chosen proximal
to the sagittal stable vertebrae (SSV), the incidence of DJK
increases because the fusion mass leads to a flexion vector
and stresses the distal disc and vertebra. If the LIV is distal
to the SSV, the fusion mass leads to an extension vector and

Fig.4 The trunk leaning
forward causes a forward force
on the LIV-1 vertebra which
can be divided into two vectors:
vector @ parallels the upper
endplate, vector @ is vertical

to the upper endplate. In Apex
distal segments, the vector @
would increase the force of the
proximal trunk and increase the
total stress placed on the LIV-1
vertebrae. In the Apex proximal
segments, the vector @ would
counteract part of the proximal
trunk force and decrease the
final stress load on the LIV-1
vertebra

Apex
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counteracts some stress to the distal disc and vertebra. In
our study, we also found that the T10 vertebra was a popular
selection of LIV near the thoracolumbar junction, although
this was associated with a 75% DJK incidence at 1-year
follow-up. Therefore, when the fusion needs to be extended
below the apex of the thoracic spine, the LIV should be
selected at SSV or distal vertebrae to potentially decrease the
risk of DJK. This concept is partially supported in reports
regarding the surgical treatment of Scheuermann's disease
[20-22, 34].

The current study is associated with several limitations,
most notably the small number of cases in each LIV group
which could have adversely affected statistical analysis.
Moreover, most patients did not have follow-up at 2-years
which limited any analysis on the long-term incidence of
DJK. Furthermore, this study can only comment on the cor-
relation between DJK and LIV level and lacks the evidence
necessary to confirm that selection of LIV level was the
causative factor for DJK development. Although LIV level
may influence the development of DJK, there are also sev-
eral other confounding variables including cervicothoracic
and spinopelvic sagittal alignment and different types of
instrumentation which may also contribute to the develop-
ment of DJK in adult cervical deformity patients [23, 24]. In
comparison to the relatively acceptable measurements and
classification of spinopelvic sagittal parameters, there is still
a lack of consensus for the classification and reconstructive
goal of sagittal alignment in cervical and cervicothoracic
segments in ACD patients [35, 36].

' Forward force
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Conclusion

DIJK occurred most frequently in the first postoperative
year following posterior reconstructive surgery for ACD.
The incidence of DJK was significantly correlated with level
of LIV. Selection of LIV at C6-C7 resulted in a relatively
higher DJK incidence as compared to LIV at T1-T2. Moreo-
ver, selection of LIV at Apex-T10 or T11-L2 had the highest
DJK incidence. Preoperative sagittal parameters associated
with LIV at the thoracic apex or distal vertebrae included a
high T1 slope and T1-T3 Cobb angle.
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