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Abstract

Background Selection of the upper instrumented vertebra (UIV) is crucial for surgical treatment of degenerative
lumbar scoliosis (DLS), given the relevance of UIV in postoperative proximal adjacent segment degeneration (pASD).
Our previous research found that selection of UIV not lower than (<) the first coronal reverse vertebra (FCRV), which
marks the turning point of Hounsfield unit (HU) asymmetry, could significantly reduce pASD. However, the degree

of HU asymmetry can vary among patients, suggesting a demand for more individualized UIV selection criteria, which
we aimed to develop using quantitative HU measurement in the current study.

Methods We included 153 consecutive patients with DLS. Quantitative measurement of HU of both sides of the ver-
tebrae of these patients was performed on three planes of CT reconstruction for average values and determination
of FCRV. Pre- and postoperative X-ray plain films were examined for radiological measurements and determina-

tion of pASD. Further, 35 patients with lumbar disc herniation and without significant scoliosis were also included

as the reference group, and their bilateral HU was measured.

Results In all 153 patients, those with UIV<FCRV had a significantly lower rate of pASD (9.4% vs. 24.6%, P=0.011). The
difference between HU of the left and right sides of the FCRV (dF) could range from close to 0-59.4. The difference
between HU of the left and right sides of the vertebrae in the reference group had an average value of 5.21.1n 101

dF =5 DLS patients, those with UIV <FCRV had a significantly lower rate of pASD (7.6% vs. 28.6%, P=0.005), while this
rate was insignificant in the other 52 dF <5 patients (13.3% vs. 18.2%, P=0.708). No other general, radiological,

or operative parameter was found to have significant influence on the occurrence of pASD.

Conclusions Selection of UIV <FCRV can significantly reduce the risk of pASD for patients with DLS with dF > 5.
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Background

Degenerative lumbar scoliosis (DLS) is increasing in inci-
dence due to the rapidly ageing population [1]. Surgical
treatment is required for severe DLS for which symptoms
cannot be relieved with conservative treatment [1, 2].
Adjacent segment degeneration (ASD) is common after
lumbar spinal fusion surgeries [3] and is about 50-fold
more prevalent in DLS patients [5]. Because of its close
relevance to proximal ASD (pASD) in DLS [8], the selec-
tion of the upper instrumented vertebra (UIV) is espe-
cially important during the surgical treatment of DLS.

Selection of UIV is conventionally performed through
radiological identification of coronal stability in anter-
oposterior X-ray plain film. Previous studies have sug-
gested the upper end vertebra (UEV), stable vertebra
(SV) [9], horizontal vertebra (HV) [10], and neutral ver-
tebra (NV) [11, 12] as possible bases of radiological selec-
tion of UIV, but there has not been any consensus. All of
the above strategies depend on the position and orienta-
tion of the vertebrae, making them susceptible to posture
during X-ray filming [12], thereby weakening their stabil-
ity and reliability.

Our previous work demonstrated that selection of
UIV that is not lower than the first coronal reverse ver-
tebrae (FCRV) could significantly reduce pASD in DLS
patients, and that the FCRV could be a more reliable
selection criterion for UIV [13]. This has biomechani-
cal bases. Bone mineral density (BMD) asymmetry in
the DLS spine demonstrates higher HU within concav-
ity and lower HU within convexity of the same vertebra
[14] in computed tomography (CT) images, and FCRV
is defined as the first, most caudal vertebra presenting
opposite orientation of HU asymmetry to the vertebrae
within the major curve when measuring the concave-
convex HU of the vertebrae from caudal to cranial [14].
Theoretically, pASD is caused by the abnormally enlarged
force loaded on the segment proximally adjacent to the
ULV [15], meaning the biomechanical condition is cru-
cial to UIV selection. HU can reflect the BMD and the
biomechanical condition [16] of the vertebrae, which
are therefore fundamental pathogenic characters. Con-
sidering the reversion of HU asymmetry and the close
relationship between BMD and the regional biomechani-
cal condition [16], it is rational to believe that the FCRV
represents a biomechanical transitional region, possibly
a force concentration area, and that the instrumentation
should cross this area, which means that UIV should not
be lower than FCRV. Moreover, the HU is independent of

the posture of the patient when taking the CT image [17,
18], making the determination of FCRV more stable than
those of the vertebrae determined on X-ray plain films.

However, the degree of HU asymmetry of the FCRV
and its relationship with UIV selection has not yet been
quantitatively described or investigated. Vertebral HU
asymmetry can differ between the different regions of the
DLS spine and different patients. The average ratio of HU
between the concave and convex in different vertebrae
can vary from 0.84 to 3.10 in groups of patients with dif-
ferent Cobb angles, and the difference between the aver-
age HU of the concave and convex can vary from 9.9 to
76.5 [14]. This indicates different biomechanical condi-
tions, possibly suggesting a demand for more individual-
ized UIV selection criteria.

This study aimed to investigate more individualized
FCRV-based UIV selection criteria by quantitatively
measuring the HU of both sides of the vertebrae of DLS
patients.

Methods

Patients

This study was approved by the Institutional Review
Board (Approval No.: IRB00006761-M2020291). The
need for individual consent was waived. We enrolled DLS
patients who underwent surgery in our hospital. Inclu-
sion criteria: 1. over 45 years of age at the time of surgery,
2. a minimum follow-up of 2 years, with lumbar CT scan
taken preoperatively and full spine standing anteropos-
terior and lateral X-ray plain films taken preoperatively,
3 months and 2 years postoperatively, 3. posterior instru-
mentation from the thoracolumbar region to the lower
lumbar region or the sacrum, and 4. having gone through
posterior column osteotomy including Ponte osteotomy
or asymmetrical pedicle subtraction osteotomy. Exclu-
sion criteria: 1. history of surgery in the thoracic or lum-
bar vertebrae, 2. spinal fractures, spinal infections or
metabolic diseases that may potentially affect surgical
outcome, and 3. anatomical identification too difficult
for radiological measurement. Retrieval of the medical
records from January 2010 to November 2018 identified
153 consecutive DLS patients who met the criteria for
retrospective review.

We further included 35 lumbar disc herniation (LDH)
patients without significant scoliosis or bony structural
degeneration as the reference group for comparison of
HU asymmetry, for measurement of the vertebral HUs.
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Clinical and radiological data

Patient demographics, including age and sex, were
recorded. Perioperative parameters including UIV loca-
tion, lower instrumented vertebra (LIV) location, and
fusion level were reviewed and recorded.

Postoperative pASD was evaluated at a 2-year follow-
up. Patients with either postoperative progression of
proximal coronal degeneration (PCD) or sagittal proxi-
mal junctional kyphosis (PJK) were diagnosed with
pASD. PCD was defined by the presence of any of the
following criteria by comparison of the 2-year follow-
up and the postoperative anteroposterior radiographs:
progression of disc wedging of the intervertebral disc
between UIV and the vertebra above UIV (UIV-1) over
5°, coronal proximal junctional angle (PJA, the cobb angle
between the lower endplate of the UIV and the upper
endplate of the UIV-2 [19]) progression of over 10°, pro-
gression of the obliquity of UIV-1 upper endplate over
10°, lateral translation between UIV-1 and UIV over
3 mm, change of coronal balance distance (CBD) over
30 mm, or osteophyte growth of the UIV or UIV-1 over
3 mm. PJK was defined by the presence of both sagittal
PJA >10° and sagittal PJA >10° more than the postopera-
tive measurement.

Preoperative and postoperative radiographic param-
eters were also measured. The Cobb angle of the major
lumbar curve, disc wedging above UIV, upper endplate
obliquity, coronal PJA, lateral translation between UIV-1
and UIV, CBD, and osteophyte growth were measured on
the anteroposterior radiographs. Pelvic incidence (PI),
pelvic tilt (PT), thoracic kyphosis (TK), thoracolumbar
kyphosis (TLK), lumbar lordosis (LL), sagittal vertical
axis (SVA), and sagittal PJA were measured on lateral
X-ray plain films.

The HU was measured following the protocol of Wang
et al. [14], and the differences between the HU of the
Left and Right Sides of the FCRV (dF) were calculated
with the measured HU. Regions of interest (ROI) were
selected on the coronal reconstruction of the preop-
erative CT at 3 locations: immediately posterior to the
anterior margin of the vertebrae, in the middle of the
vertebral body, and anterior to the posterior margin of
the vertebrae (not too posterior, to avoid blood vessels).
The ROIs were carefully chosen to avoid cortical bone or
bony islands. HU measurements within the concave and
convex sides of the vertebrae were obtained both from
the UIV-1 (the vertebra 1 segment cranial to the UIV) to
UIV+1 (the vertebra 1 segment caudal to the UIV) and
from FCRV-1 to FCRV +1. The HU from the 3 coronal
slices was averaged for a mean HU for both sides of each
vertebra. FCRV was defined as the first (most caudal)
vertebra presenting opposite orientation of HU asymme-
try from the apical vertebra (Fig. 1).
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For LDH patients without significant scoliosis, HU in
the vertebrae from T11 to L2 were measured in the same
way on both sides, as the FCRV appear most frequently
in this region [13]. The HU of 208 sides in 104 vertebrae
was measured in the same way as for DLS patients. These
patients were set as the reference group, and the dif-
ference between the HU of two sides of their vertebrae
was calculated and evaluated for comparison with DLS
patients.

Statistical analysis

Data were analysed using Statistical Product and Ser-
vice Solutions software (version 26.0; SPSS, Chicago, IL).
Continuous variables were recorded as mean + standard
deviation, and categorical variables were expressed as
frequency or percentages. An independent ¢-test or one-
way analysis of variance (ANOVA) was used to analyse
the difference between continuous variables. x> analysis
and Fisher’s exact test were used to examine differences
among categorical variables. Logistic regression was used
to rule out other confounding factors. Statistical signifi-
cance was set at P<0.05.

Results

Patient data

Among 153 patients, 120 are female and 33 are male,
with a mean age of 63.57 +6.58 years. At a 2-year follow-
up, 23/153 (15.0%) presented radiological pASD, while
130 (85%) presented no radiological pASD. Among the
23 patients with pASD, 11 had PJK, 17 had PCD, and 5
had both. Further, 96/153 (62.7%) had UIV equal to or
higher than the FCRV (UIV <FCRV), while 57 (37.3%)
had UIV lower than the FCRV (UIV >FCRYV).

Comparison of general, radiological, and operative data
between patients with and without pASD

General, radiological, and operative parameters of
patients with and without pASD are shown in Table 1.
There was no significant difference in sex, age, or preop-
erative radiological parameters including dF, Cobb angle,
CBD, PI, PT, TK, LL, and SVA, between patients with
and without pASD. Regarding operative parameters, UIV
and fusion level showed no significant difference, nor was
there any difference whether the LIV was on L5 or the
sacrum. No statistically significant difference was found
in postoperative radiological parameters including Cobb
angle, PI, PT, TK, TLK, LL, and SVA. The average post-
operative CBD was significantly larger in patients with
than without pASD (P=0.022).

Relationship between UIV selection and pASD
To evaluate the value of FCRV in UIV selection, we
divided patients into the UIV<FCRV group and the
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Fig. 1 The coronal reconstruction images of the preoperative lumbar CT scans of a dF > 5 patient (a) and a dF <5 patient (b). The circles show
the ROIs measuring HU on one of the 3 slices, while the numbers beside them show the mean HU from the 3 slices. The FCRV marks the turning

point of HU asymmetry

UIV>FCRV group. In total, 9/96 (9.4%) and 14/57
(24.6%) patients in the UIV<FCRV and UIV >FCRV
groups developed pASD, respectively. The UIV <FCRV
group had a significantly lower rate of development of
pASD (P=0.011) (Table 2).

Considering that the average postoperative CBD was
significantly different between patients with and with-
out pASD, logistic regression was used to analyse the
influence of both the relationship between UIV and
FCRV and the postoperative CBD on pASD. The result
showed that the relationship between UIV and FCRV
significantly influenced pASD occurrence (P=0.020),
while postoperative CBD had no significant influence
(P=0.061).

HU difference on the left and right sides of the FCRV (dF)
among DLS patients

In the 153 DLS patients, dF varied from almost 0 to 59.4.
The average value was 11.68, the median value was 8.67,
and the standard deviation was 11.57. About 1/3 (52) of
the patients had dF <5.

HU difference on the left and right sides of the vertebrae

in LDH patients without significant scoliosis (reference
group)

Overall, 208 sides of 104 vertebrae from 35 LDH patients
without significant scoliosis underwent HU measure-
ment of the T10 to L2 vertebrae using the same method
as DLS patients. The difference between the HU of the
left and right sides of the vertebrae ranged from 0 to 18.4.
The average value was 5.21, the median value was 4.20,
and the standard deviation was 4.32.

Differences between patients with different dF
The relationship between UIV and FCRV showed a dif-
ferent influence on the development of pASD in patients
with different degrees of HU asymmetry in the FCRV.
The degree of HU asymmetry was measured by dF
(Fig. 1), and patients were divided into dF <5 (n=>52) and
dF >5 groups (n=101). General, radiological, and opera-
tive parameters of the two groups are shown and com-
pared in Table 3.

The average preoperative dF in the dF<5 and dF>5
groups were 2.45 and 16.24, respectively. There was no
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Table 1 Comparison of general, radiological, and operative parameters between patients with and without pASD

no pASD pASD P value
Number of patients 130 23
Sex (female/male) 103/27 17/6 0.568
Age (years) 63.85+6.55 61.96+6.67 0.382
Preoperative dF (HU) 1231+£12.15 8.17+6.73 0.115
Preoperative Cobb angle (°) 29.51+10.10 2945+13.03 0.979
Preoperative CBD (mm) 18.06+16.31 20.88+1548 0442
Preoperative Pl (°) 51.45+11.56 47.06+9.60 0.360
Preoperative PT (°) 25.88+9.73 24.05+9.22 0.973
Preoperative TK (°) 20.79+£15.17 20621171 0.960
Preoperative LL (°) 24.96+20.98 22.17+£16.64 0.546
Preoperative SVA (mm) 50.78 +£4848 46.78+51.74 0.719
ulv 11.92+137 12.35+£1.80 0.195
Lower instrumented vertebra (L5/sacrum) 60/70 10/13 0812
Fusion level 563+1.54 522+191 0.254
Postoperative Cobb Angle (%) 1142+6.77 13.10+£6.86 0.286
Postoperative CBD (mm) 18.89+1548 11.03+9.14 0.022*%
Postoperative PI (°) 4836+10.27 46.20+1043 0.373
Postoperative PT (°) 19.81+8.70 17.97+8.25 0.435
Postoperative TK (°) 21.87+£1093 2742+11.56 0.777
Postoperative TLK (°) 8.02+9.89 14.06+£10.53 0.893
Postoperative LL (°) 21.07£34.01 35.14+25.10 0.066
Postoperative SVA (mm) 2826+43.84 15.35+3641 0.224
"P<0.05

Discussion

Table 2 The relationship between UIV selection and pASD in all
DLS patients

UIV>FCRV UIV<FCRV Total
pASD 14 (24.6%) 9 (9.4%) 23 (15.0%)
no pASD 43 (75.4%) 87 (90.6%) 130 (85.0%)
Total 57 96 153
P=0.011

significant difference in sex, age, occurrence of pASD,
preoperative radiological parameters, including Cobb
angle, CBD, PI, PT, TK, LL, and SVA, operative radio-
logical parameters, including UIV, LIV, and fusion level,
and postoperative radiological parameters, includ-
ing Cobb angle, CBD, PI, PT, TK, TLK, LL, and SVA,
between the two groups (Table 3).

In the dF <5 group, no significant difference in pASD
(P=0.708) was noticed between UIV<FCRV and
UIV>FCRV patients (Table 4). In the dF>5 group,
however, the difference was obviously significant
(P=0.005), with a total pASD of 10/35 (28.6%) in the
ULV > FCRYV group (Fig. 2), compared with 5/66 (7.6%)
in the UIV <FCRYV group (Fig. 3) (Table 5).

The FCRYV in DLS is the most caudal vertebra cranial
to the apical vertebra, representing HU asymmetry
opposite from the main curve (Fig. 1). Patients with
UIV<FCRV had a significantly lower rate of pASD
development, while pASD was not significantly influ-
enced by general, radiological, or surgical parameters
other than the relationship between UIV and FCRYV, as
shown in our prior research [13] and the present study
(Tables 1 and 2). These can prove the value of FCRV in
clinical decisions for DLS patients. However, the deter-
mination of FCRYV is qualitative, regardless of the exact
dF. The dF varied from near O to 59.4 in the present
study, indicating varied biomechanical conditions, and
potentially demanding different UIV selection criteria
in patients with different dF.

HU is closely related to the biomechanical conditions
of the vertebrae. Measuring HU from CT scans has been
proven as a robust technique for assessing bone quality
inside the vertebral bodies, with reliability and accuracy
independent of posture [17, 18]. According to Wolff’s law
[16], the regions bearing larger force have higher BMD
for adaptation. The HUs of polyurethane bricks have
been proven to be linearly correlated with the plastic
modulus [20]. The BMD calculated using HU also has a
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Table 3 Comparison of general, radiological, and operative parameters between the dF <5 group and the dF > 5 group

dF<5 dF>5 P value
preoperative dF (HU) 245+1.28 16.24+11.68 <0.001*
Number of Patients 52 101
Sex (female/male) 38/14 82/19 0.248
Age (years) 63.56+6.46 63.57+£6.67 0.896
pASD occurrence (pASD / no pASD) 8/44 15/86 0.930
preoperative Cobb angle (°) 2831+10.01 30.11+10.80 0318
preoperative CBD (mm) 19.25+21.33 18.08+12.84 0.674
preoperative Pl (°) 51.00+1257 5068+10.76 0.142
preoperative PT (°) 2756+9.12 2460+9.80 0.444
preoperative TK (°) 20.91+14.09 20.69+15.03 0.801
preoperative LL (°) 2450+15.39 2456+2258 0.984
preoperative SVA (mm) 58.59+51.56 45.85+47.03 0.127
uiv 11.90+1.59 1203+1.37 0.612
FCRV 11.94+£1.75 12.00£1.13 0.806
UIV<FCRV/ UV >FCRV 30/22 66/35 0.357
lower instrumented vertebra (L5/sacrum) 23/29 47/54 0.786
fusion level 565+167 552+157 0.637
postoperative Cobb angle (°) 10.99+7.19 12.01+6.58 0.383
postoperative CBD (mm) 1585+ 1524 18.71+£14.80 0.268
postoperative Pl (°) 47.05+11.28 48.56+9.76 0401
postoperative PT (°) 2067+10.11 18.97+7.82 0.149
postoperative TK (°) 24.60+11.06 21.89+11.18 0.259
postoperative TLK (°) 12.02+10.58 6.95+9.44 0616
postoperative LL (°) 23.15+31.62 23.09+34.11 0.991
postoperative SVA (mm) 290.29+52.11 25.14+37.65 0.583

"P<0.05

Table 4 The relationship between UIV selection and pASD in
dF <5 patients

UIV>FCRV UIV<FCRV Total
pASD 4(18.2%) 4(13.3%) 8 (15.4%)
no pASD 18 (81.8%) 26 (86.7%) 44 (84.6%)
Total 22 30 52
P=0.708

mathematical relationship close to linear with the loading
force [21].

Asymmetrical hydrostatic pressure has been observed
in the vertebral discs of scoliotic spines by intraoperative
pressure measurement [22]. Asymmetrical loading force
can accelerate vertebral degeneration by affecting both
the bony structures and the soft tissues. The degree of
cellular necrosis is positively correlated with the degree
of pressure asymmetry [22, 23]. Coronally asymmetrical
pressure on the vertebral disc can trigger the nucleus pul-
posus to lose its mechanical homogeneity, thereby pos-
ing abnormally enlarged regional pressure to the annulus

fibrosus [22]. This accelerates cell death and disc and
vertebra degeneration [23]. Asymmetrical load may also
cause the bony structures to grow asymmetrically in the
longitudinal direction, thereby wedging the vertebral
bodies and intervertebral discs [24].

These results suggest that the degree of HU asymmetry;,
represented by dF in the FCRYV, is related to the degree
of pressure asymmetry and, thus, the degeneration of the
vertebrae. As such, quantitative measurement of HU may
have significant potential in assessing the biomechani-
cal condition of the vertebrae and assisting UIV selec-
tion, and patients with different dF may require different
UIV selection criteria. In the present study, by grouping
the patients according to their degree of HU asymme-
try in the FCRV, we further discovered that the simple
“UIV <FCRV” criterion showed different clinical efficacy
in patients with different dF. The threshold value for suf-
ficient asymmetry was determined through comparison
with LDH patients without significant scoliosis, with
an average difference of HU between the left and right
sides of the T10-L2 vertebrae (where the FCRV most
frequently locates) of 5.21, and a median value of 4.20.
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Fig. 2 The preoperative (a, b), postoperative (c, d), and 2-year follow-up (e, f) X-ray plain films of a dF > 5 patient with UIV>FCRV (FCRV=T11,

UIV=L1).The patient had pASD of both PCD (c, e, progression of disc wedging of 5.3°) and PJK (d, f, progression of sagittal PJA of 14.4°)
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Fig. 3 The preoperative (a, b), postoperative (c, d), and 2-year follow-up (e, f) X-ray plain films of a dF > 5 patient with UIV<FCRV (FCRV=UIV=L1).
The patient had no pASD
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Table 5 The relationship between UIV selection and pASD in
dF > 5 patients

UIV>FCRV UIV<FCRV Total
pASD 10 (28.6%) 5(7.6%) 15 (14.9%)
no pASD 25 (71.4%) 61 (92.4%) 86 (85.1%)
Total 35 66 101
P=0.005

Therefore, 5 was set as the threshold, as an HU asymme-
try less than that of an average patient with no significant
scoliosis cannot be rationally considered sufficient. In
patients with a dF <5, the original UIV <FCRV criterion
showed little clinical value, with no statistically signifi-
cant difference in the occurrence of pASD between the
UIV <FCRYV and UIV >FCRV groups (Table 4). In dF >5
patients, however, the UIV<FCRV criterion shows sig-
nificant value in UIV selection, where the UIV<FCRV
group has significantly less pASD (Table 5). This shows
that the “UIV <FCRV” criterion cannot be simply applied
to all DLS patients and that patients with dF > 5 represent
an area of application better than all DLS patients. The
irrelevance of dF for the preoperative general and radio-
logical features like sex, age, Cobb, PI, SS, and SVA fur-
ther indicates its uniqueness (Table 3).

The study has some limitations. First, manual ROI
selection torsion and obliquity of the vertebrae, and
severe degeneration involving osteophytes, bony islands,
and severe osteoporosis, may have introduced errors in
HU measurement in DLS patients. To reduce errors, we
used the average of measurements at 3 locations and
avoided bony islands while choosing the ROI. We believe
that more accurate HU measuring methods may be
developed in the future. Second, 5 has not been strictly
proven to be the optimal threshold for determining suffi-
cient HU asymmetry. During this research, we found that
this threshold could not be determined simply with sta-
tistical methods, so we measured the HU of LDH patients
with no significant scoliosis as a reference. Though it is
not a perfect method and may require larger samples for
further correction, it was adopted considering the con-
venience in clinical practice and the sufficient clinical
efficacy in the present study. Third, the present study only
reveals that the “UIV<FCRV” criterion is optimal for
dF>5 patients. However, the UIV selection criteria for
dF <5 patients, constituting ~ 1/3 of DLS patients, remain
unclear, on which future studies may focus.

Conclusions

In conclusion, the selection of UIV not lower than FCRV
can significantly reduce the risk of proximal ASD in DLS
for patients with HU differences between the left and
right sides of the FCRV of not less than 5.
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Abbreviations
DLS Degenerative lumbar scoliosis
uv Upper instrumented vertebra
FCRV First coronal reverse vertebra
HU Hounsfield unit
ASD Adjacent segment degeneration
pASD Proximal adjacent segment degeneration
UEV Upper end vertebra
NY% Stable vertebra
HV Horizontal vertebra
NV Neutral vertebra
BMD Bone mineral density
cT Computed tomography
LDH Lumbar disc herniation
PCD Proximal coronal degeneration
PIK Proximal junctional kyphosis
PJIA Proximal junctional angle
CBD Coronal balance distance
PI Pelvic incidence
PT Pelvic tilt
TK Thoracic kyphosis
TLK Thoracolumbar kyphosis
LL Lumbar lordosis
SVA Sagittal vertical axis
dF Difference between the HU of the Left and Right Sides of the FCRV
ROI Region of interest
ANOVA  Analysis of variance
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