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Figure 1. A, Classification of cervical alignment
by Kamata et al.'*'* B, The modified K-line (mK-
line) was defined as the line connecting the
midpoints of the spinal cord at C2 and C7 on
preoperative T1-weighted sagittal magnetic reso-
nance imaging (left). The interval (INT ) between
the K-line and the most anterior feature of the
spinal canal at each segment was measured (n =
3-6; center). The minimum interval between the
mK-line and the anterior compression-causing
feature of the spinal canal in the midsagittal im-
age was defined as INT _ (center). The interval
between the midpoint of the cord and posterior
edge of the anterior factor before and after sur-
gery was measured and then the spinal cord shift
at each segment was calculated (right). C, A sig-
nificant correlation between the C2-C7 angle on
magnetic resonance imaging and that on radiog-
raphy was observed in this series (y = 0.407x +
9.275, y: MRI: C2-C7, x: radiography: C2-C7,
= 0.332; P < 0.01), suggesting that the neck
position at which magnetic resonance imaging
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was obtained was similar to the cervical neu-

tral position. MRI indicates magnetic resonance ®
imaging. Preop indicates preoperative; Postop, 20-
postoperative.

modified K-line was defined as a line connecting the midpoint
of the spinal cord at C2 (determined at the level of the infe-
rior endplate) to that at C7 on T1-weighted MR image (mK-
line; Figure 1B, Jeft). This line is different from the K-line that
connects the midpoints of the spinal canal at C2 and C7 on
the basis of conventional lateral radiography.”” The interval
(INT,) between the mK-line and the anterior factor of the
spinal canal, such as disc bulging or a bony spur, at each seg-
ment (n = 3-6) was measured before surgery. The sum of
the measured intervals (INT ) was then calculated for each
patient (Figure 1B, center). In addition, INT__ was defined
as the lowest INT_ in each case, as we previously reported™
(Figure 1B, center), and was also collected for each patient.
The pre- and postoperative INT  at each segment from C3
to C6 were measured on sagittal T1-weighted MR image to
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evaluate the actual migration of the spinal cord, which was
defined as C = (B —A ) X 100/A, (n = 3-6; A and B_ rep-
resent the preoperative and postoperative INT , respectively,
Figure 1B, right). To evaluate the global posterior migration
of the spinal cord, we calculated C_=C,+C,+C.,+C_ and
then analyzed the relationship between preoperative INT,
and C_ (n = 3-6) to determine whether the mK-line could
predict a postoperative shift in the spinal cord. The presence
of signal intensity changes in the cord was also evaluated on
sagittal view T2-weighted MR images of each patient. In pre-
operative radiography, the cervical sagittal alignment (C2-C7
lordotic angle), determined from tangential lines drawn on
the posterior edges of the C2 and C7 bodies, was measured
on mid-sagittal MRI and on X-rays obtained in the cervi-
cal neutral position to determine whether the neck position
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on MRI was similar to the cervical neutral neck position on
radiography.

Statistical Analysis

Student unpaired 7 test was used to evaluate the differences in
each parameter between the lordotic and nonlordotic groups,
except for the RR of the JOA score, INT, ,INT . and C_ ,
for which the Mann-Whiney U test was used. A cross-corre-
lation analysis was used to evaluate the correlation between
INT and C at each segment. A linear regression analysis was
used to investigate whether INT ~was correlated to C_ =~or
the RR of the JOA score. All data are expressed as the mean
+ SD. P value of less than 0.05 was defined as statistically

significant.
RESULTS

Sagittal Cervical Alignment Measured by MRI
Significantly Correlates With That Measured by
Radiography

Prior to investigation of the relationship between the mK-line
determined by MRI and the shift in the spinal cord or clini-
cal outcome, we determined whether the sagittal alignment
measured by MRI (MRI, C2~C7) agreed with that measured
by neutral radiography (C2-C7) in each case. There was a sig-
nificant correlation between MRI, C2—C7 and radiography,
C2-C7 in this series (y = 0.407x + 9.275; y: MR, C2-C7; x:
radiography, C2-C7; *= 0.332; P < 0.01, Figure 1C). This
result suggests that the neck position at which MR image was
obtained was similar to the cervical neutral position.

Anticipated Cord Shift Calculated Using the mK-line
Significantly Correlates With Actual Posterior Cord
Shift

Table 2 shows the values for INT, and C_(Figure 1B, right) at
each segment in all patients (n = 3~6). The maximum inter-
val was 7.3 mm at the C4 level. The average INT_  value
was 27.5 mm. Similarly, the maximum posterior cord shift
was 30.3% at the C4 level and the average C_ was 99.3%.
Cross-correlation analysis demonstrated significant similarity
between the waveform distribution of INT  and that of C,
(R = 0.889, P < 0.05; Figure 2A).

INT__ Predicts the Posterior Shift of the Spinal Cord in
Lordotic But Not in Nonlordetic Patients

There were no significant differences in age, ratio of males,
preoperative JOA score, RR of JOA score, posterior shift of
the whole spinal cord, positive ratio of the presence of signal
intensity changes in the spinal cord, or incidence of C5 palsy
between the lordotic and nonlordotic groups (Table 3). How-
ever, we found that patients in the lordotic group had a higher
preoperative lordosis angle, INT _, and INT __ than patients
in the nonlordotic group (Table 3). In addition, INT__ was
associated with %C__ only in the lordotic group (y = 4.527x
~ 3648,y = %C. , x = INT,_, = 0.1333, P < 0.05;

Figure 2B); there was no significant correlation between
INT_ and C_  in the nonlordotic group (data not shown).
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| Ratioof Poster
Segment | Interval (mm) - Shift (C)
C3 6.5+2.6 17.9 +26.8
C4 73+ 3.1 303 +31.5
C5 6.9+ 27 28.9 =339
Co 6.8+ 2.2 222 +316
Total INT, =27.5+90 C,.=99.3 +83.7

*Data are expressed as the mean * SD.

INT,indicates the sum of the intervals between the K-line and the anterior
feature of the spinal canal at each segment (C3-C6); C : (B, —A ) X 100/A,
(n = 3-6; A_and B, represent the preoperative and postoperative intervals
between the midpoint of the spinal cord and the anterior impingement at
each segment from C3 to C6 levels); C_ . the sum of C3, C4, C5, and Cé6.

suny’

INT_ Is Not a Predictive Factor for Postoperative
Clinical Outcome After LAMP

To evaluate the relationship between anticipated postop-
erative cord shift determined from preoperative MRI and
clinical outcomes, we analyzed a linear regression model
for INT, and the RR of the JOA score in each group. The
linear regression analysis indicated no significant correlation
between INT,  ~and the RR of the JOA score in both groups
(data not shown).

INT . Can Predict Clinical Outcome in Nonlordotic
Patients

It is important for spine surgeons to predict postoperative
clinical outcomes, particularly in patients with cervical mis-
alignment such as kyphotic or sigmoid alignment, before
selecting a surgical procedure for the treatment of CSM. As
several studies have reported,?? age, duration of symptoms,
and the presence of signal intensity changes in the spinal cord
observed on T2-weighted sagittal MR image are risk factors
for poor outcome after surgical treatment. Although we did
not find significant associations between clinical outcome and
either age or duration of preoperative symptoms using lin-
ear regression models, we observed that the RR in patients
older than 75 years was poorer than that in younger patients
in both groups (data not shown). In addition, because most
of the patients presented high signal intensity changes in the
spinal cord on T2-weighted imaging in both the lordotic and
nonlordotic groups, we were not able to analyze whether the
signal intensity change in the spinal cord was associated with
poor clinical outcome in this series.

Next, we focused on INT _, which has been shown to
be a powerful tool to predict residual anterior impingement
of the spinal cord after LAMP,*? for potential prediction of
postoperative neurological outcome in nonlordotic patients.
Although INT__ was not associated with the RR of the JOA
score in lordotic patients (data not shown), it was significantly
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Figure 2. A, The maximum interval was 7.3 mm at the C4 level, and the
maximum posterior cord shift was 30.3% at the C4 level. Cross-corre-
lation analysis demonstrated significant similarity between the wave-
form distribution of INT_and that of C_ (R = 0.889, P < 0.05). B, INT_
was significantly correlated with C__in only the lordotic patient group
(y =4.527x — 3648, y = C__, x=INT__ r*=0.1333; P < 0.05).

sum’ sum’

and positively correlated with the RR in nonlordotic patients
(y = 6.347x + 22.36, y = JOA score RR, x = INT _,
0. 2491, P < 0.05; Figure 3). Based on this analysis, an RR
higher than 50% requires INT _ of greater than 4.4 mm in

nonlordotic patients.

Case Presentation

A 68-year-old male presented with bilateral hand numbness
and clumsiness. Preoperative sagittal MR image showed that
an anterior feature at the C3-C4 level was related to local
kyphosis on sigmoid alignment (Figure 4, lefz). Although he
received LAMP for multisegmental stenosis, postoperative
compression of the dural sac and anterior spinal cord existed
at the C3-C4 level on MR image (Figure 4, right). Although
INT was22.2 mm, which was higher than the average value
in the nonlordotic group, the preoperative INT  was 1.7 mm
at the C3-C4 level. The JOA score recovered by 33.3% and
the persistent numbness of both upper extremities remained
even after surgery; therefore, an anterior procedure or poste-
rior decompression with corrective fusion should have been
applied in this case.

DISCUSSION

LAMP has been reported to be effective, relatively low cost,
minimally invasive, and safe for the treatment of patients with
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Figure 3. A significant positive correlation between INT __and the re-
covery rate of the JOA score was confirmed (y = 6.347x + 22.36, vy
= JOA score recovery rate, x = INT__ r» = 0. 2491; P < 0.05). JOA
indicates The Japanese Orthopaedic Association.

multilevel spondylosis or ossification of the posterior longi-
tudinal ligament.”*** However, undesirable outcomes after
LAMP can be caused by residual anterior compression of the

-spinal cord resulting from preoperative cervical misalignment

and progression of kyphosis or loss of lordosis. The resulting
pathology often reduces the quality of life and may require
secondary surgery. Therefore, it is necessary to determine
the factors that limit the efficacy of posterior decompression.
In the current study, we optimized new indices, INT __ and
INT__, on the basis of the mK-line and evaluated whether
they could be useful for surgical treatment decisions.

We found that the interval between the mK-line and the
anterior feature of the spinal column, that is, INT_ on preop-
erative MRI, was closely associated with the actual posterior
cord shift at each vertebral level after LAMP. Furthermore,
we showed that both INT, and INT _ were significantly
higher in the lordotic group than in the nonlordotic group.
These findings are consistent with the frequent observation
of anterior clearance of the spinal cord in patients with a lack
of cervical lordosis, thereby suggesting that the mK-line may
be useful to evaluate impingement of the spinal cord by the
anterior feature of the spinal column.

Furthermore, we quantified the posterior shift of the whole
spinal cord as INT_ for prediction of postoperative clinical
outcome. Baba ez al*® previously showed that the magnitude
of posterior cord migration after LAMP was significantly cor-
related with postoperative neurological outcome. In the cur-
rent study, the anticipated cord migration, defined as INT,
was not associated with the RR of the JOA score. However,
because patients with INT__ of 20 mm or greater tended to
achieve better outcomes than patients with INT__ of less than
20 mm, INT _ may be useful for prediction of clinical and
radiological outcomes.

We also investigated the relationship between the segment
responsible for the myelopathy and the level at which INT
was measured. Indeed, the level at which INT . was observed
did not always correspond to the segment responsible for the

www.spinejournal.com  E1265

Copyright © 2014 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
-145-



€| CERVICAL SPINE

Modified

K-line in MRI Predicts Clinical Outcome ® Taniyama et al

- Lordotic Group (n = 38) Nonlordotic,(}roup"(n =',23)
Age, yr 67.8 9.0 67.7 = 11.0 ND
Male (%) 65.8% 82.6% ND
Duration of symptoms, mo 11.8 125 13.9 = 109 ND
Preoperative JOA score 82+32 8533 ND
Postoperative JOA score 125+ 35 12.0+29 ND
Recovery rate of the JOA score 51.6 * 26.6 422 *+27.4 ND
Preoperative C2-C7 lordotic angle (degrees) 25.1 = 12.1 52 =*=8.0 <0.01
INT,., 31.5= 7.1 20.8 = 8.1 <0.01
INT . 6.27 £ 1.9 338 %21 <0.01
Posterior shift of the whole spinal cord (C_ ) 1133 £ 95.8 77.2 = 56.6 ND
Positive ratio of signal intensity change in the spinal cord (%) 94.7 82.6 ND
Segment responsible (cases)

C3-C4 10 5 ND

C4-C5 12 8 ND

C5-C6 16 9 ND

Ce-C7 0 1 ND
Incidence of C5 palsy 2 cases/5.3% 2 cases/8.7% ND
*Data are expressed as the mean * SD.
ND indicates no significant difference; JOA, The Japanese Orthopaedic Association; INT,, sum of the intervals between the K-line and the anterior element of
the spinal canal at each segment (C3~C6); INT . the minimum interval between the preoperative modified K-line and the anterior impingement on midsagittal
imaging; C, (B, ~A,) X 100/A (n = 3-6; A and B , represent the preoperative and postoperative intervals between the midpoint of the spinal cord and the
anterior impingément at each segment from C3 to Co levels); C_ . sum of C3, C4, C5, and Cé.
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Figure 4. Preoperative magnetic resonance imaging
shows that anterior compression at the C3-C4 level is
caused by local kyphosis on sigmoid alignment. in this
case, INT_and INT . were 22.2 mm and 1.7 mm,
respectively (fef). Postoperative magnetic resonance
imaging demonstrates that anterior compression of the
dural sac and anterior spinal cord remained at the C3—
C4 level even after posterior decompression (right).
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Figure 5. Summary of this study. Although INT_  was .
associated with the magnitude of posterior cord shift- ~Predictable
ing after laminoplasty in patients with lordotic align- or
ment, it was not a predictive factor for postoperative Not?
clinical outcome. In contrast, INT__ was significantly
correlated with postoperative neurological improve-
ment in patients with nonlordotic alignment, whereas
there was no association between INT _ and the degree
of posterior cord shifting. JOA indicates The Japanese
Orthopaedic Association.

Sagittal
alignment

myelopathy diagnosed by electrophysiology; in 10 patients,
the segment responsible for myelopathy was typically C4—
C5 or C5-C6, whereas the level with the highest compres-
sion was C3-C4 or C6-C7. Two of these 10 patients could
not obtain sufficient cord migration at the C3-C4 level and
thus obtained unsatisfactory outcomes. In such cases, it is still
important to pay attention to the level with the highest com-
pression, although it is not diagnosed as the causative seg-
ment by electrophysiologic and neurological findings, because
residual cord compression in the noncausative segment still
contributes to the myelopathic symptomatology and is thus a
risk factor for myelopathic deterioration after LAMP.

In addition, we also investigated whether the anticipated cord
migration could predict the onset of C5 palsy, which is a major
complication after LAMP* and for which excessive posterior
cord shift has been considered as a possible cause. However, we
did not observe a significant association between the degree of
posterior cord shifting and the incidence of CS palsy. Previous
reports have suggested various other causes for C5 palsy after
LAMP, including (1) nerve root traction caused by posterior spi-
nal cord shifting, (2) anatomical stenosis of the C5 foramen,?”
(3) spinal cord ischemia caused by decreased blood supply from
radicular arteries,?® (4) laminar width of decompression,? and
(5) segmental spinal cord disorder.?>*° These factors may con-
tribute to the onset of postoperative C5 palsy in a complex
manner, and it may, therefore, not be possible to predict the C5
palsy by only measuring the anticipated cord shift.

The relationship between cervical kyphotic alignment and
postoperative clinical outcomes after LAMP is controversial.
Suda et al'? reported that LAMP is not effective for patients
with global kyphosis greater than 13° and no signal change on
T2-weighted MR image. Uchida et al*' suggested that correc-
tion of local sagittal alignment should be attempted in patients
with kyphotic deformity greater than 10° to maximize neuro-
logical improvement. Thus, because excessive kyphotic align-
ment has been recognized as a risk factor for poor outcomes
after posterior decompression over the last decade, many
studies have recommended that anterior decompression or
posterior decompression with fusion should be applied to
such misalignment cases.>!331

However, Kaptain et al’? investigated 46 patients with
CSM and concluded that clinical outcome does not usually
correlate with preoperative sagittal alignment. This report
is consistent with mounting evidence that neurological
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improvement is influenced by not only global kyphosis but
also anterior compression of the spinal cord, which seems
to lead to a lack of decompression at the ventral aspect of
the spinal cord.>'%13?% Given these 2 morphological fac-
tors, it is important to evaluate the physical relationship
between the spinal cord and the anterior impingement that
may be causing the compression prior to surgical treat-
ment. In addition, spine surgeons should predict postop-
erative clinical outcomes before selecting a surgical pro-
cedure for the treatment of CSM particularly in patients
with cervical misalignment. This study demonstrated that
neurological improvement after LAMP in patients with
nonlordotic alignment was significantly correlated with
INT_, but not with INT,__ (Figure 5). Therefore, neurologi-
cal improvement in patients with misalignment may require
a sufficient posterior cord shift at only the most compressed
segment rather than throughout the entire spinal cord.

The limitations of this study include its retrospective
nature and relatively small cohort size. In the present study,
we divided the patients into only 2 groups and showed that
INT _ significantly predicted postoperative outcome; how-
ever, it may be possible to categorize a larger patient pool into
5 different alignments to determine the relationship between
our new index and clinical outcomes in each alignment type.
With regard to neck position, although our patients were
instructed to maintain a neutral position, this was not usually
possible during MRI; however, because all patients followed
the same radiographical protocol and alignment on MRI was
significantly correlated with alignment measured by neutral
radiography, the lack of neutral position does not affect the
findings of this study. We, therefore, suggest that INT ,_can
help spine surgeons to decide whether LAMP should be per-
formed in patients with nonlordotic alignment.

> Key Pomts

D Patsents who underwent LAMP for the treatment
_ of CSM were divided into lordosis and nonlordosis
“groups, and we investigated whether anterior
clearance of the spinal cord measured on mK-line
plays role for predictive factors of postoperative
~spinal cord migration and clinical outcome in this

- study.
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U Anterior clearance of global spinal cord (INT_ )
tends to be associated with the posterior shift of
the spinal cord in patients with fordotic alignment

but not in patients with nonlordotic alignment.

O INT, was not associated with clinical outcome in
either lordosis group or nonlordosis group.

U Alinear regression analysis showed that
anticipated anterior clearance at the most
compressive segment (INT ) was a significant
predictive factor for postoperative clinical
outcome in patients with nonlordotic alignment.
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; Ossification of the posterior longitudinal ligament of the spine affecting 0.8-3.0% of Asians and 0.1-1.7% of European Caucasians!.
i (OPLL) is a common spinal disorder among the elderly that causes  The ossified ligament compresses the spinal cord and nerve root,
f myelopathy and radiculopathy. To identify genetic factors for causing serious neurological dysfunction?. Several lines of evidence
; OPLL, we performed a genome-wide association study (GWAS) suggest that genetic factors contribute to its etiology and patho-
in ~8,000 individuals followed by a replication study using an genesis>~>; affected sibling-pair linkage studies and candidate gene
: additional ~7,000 individuals. We identified six susceptibility association studies have identified a number of genes or loci that are
, loci for OPLL: 20p12.3 (rs2423294: P=1.10 x 10~13), linked to OPLL susceptibility®-8. However, replication studies have
8q23.1 (rs374810: P =1.88 x 10713), 12p11.22 (rs1979679: failed to verify these results, even in the same ancestry groups as the
. P=4.34 x 10712), 12p12.2 (rs11045000: P = 2.95 x 10-11), original studies®. A GWAS using high-density SNP data has not yet
: 8¢23.3 (rs13279799: P = 1.28 x 10719 and 6p21.1 (rs927485: been reported for OPLL.
P =9.40 x 1079). Analyses of gene expression in and around the To identify OPLL susceptibility genes, we conducted a GWAS in a
loci suggested that several genes are involved in OPLL etiology Japanese population consisting of 1,130 individuals with OPLL and
through membranous and/or endochondral ossification processes. 7,135 controls (Online Methods). After quality control filtering of
Our results bring new insight to the etiology of OPLL. SNP genotyping data (Online Methods), 616,496 autosomal SNPs

were examined for association with the Cochran-Armitage trend
OPLL (MIM 602475) is a common disease caused by abnormal ossi-  test. Analysis of population stratification with principal-component
fication of the posterior longitudinal ligament in the spinal canal, analysis (PCA) showed that all individuals in our study were Japanese
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Figure 1 Manhattan plot showing the ~log;o P value for each SNP in

the GWAS. Values were plotted against their respective positions on

the autosomal chromosomes. The red line represents the genome-wide
significance threshold (P = 5 x 10-8). The blue line represents the
threshold for the selection of SNPs for the replication study (P =5 x 10-7),

(Supplementary Fig. 1a); however, there was a small proportion of
samples that were separated from the major Japanese (Hondo) cluster'?
when PCA was performed using only the genotype information for
the cases and controls in the study (Supplementary Fig. 1b). We
used samples from the major Japanese cluster consisting of 1,112
cases and 6,810 controls (Supplementary Table 1) and generated a
quantile-quantile plot (Supplementary Fig. 1c). We found that the
genomic inflation factor (Agc) was 1.01, indicating that there was a
low possibility of false positive associations resulting from popula-
tion stratification. Twenty-six SNPs within six chromosomal regions
at 8pl11.21, 8q23.1, 8q23.3, 12p12.2, 12p11.22 and 20p12.3 had
associations that reached the genome-wide significance threshold
of P < 5% 107 (Fig. 1 and Supplementary Table 2). We further
found an additional two loci (6p21.2 and 18q23) showing sugges-
tive association with OPLL (P < 5 x 1077; Fig. 1 and Supplementary
Table 2). To investigate additional susceptibility loci, we obtained
whole-genome association results for imputed SNPs. We found that
895 SNPs in the 8 identified loci were associated at P < 5 x 1077, and
no other associated loci were uncovered. We also examined 12,228
SNPs on the X chromosome for association with OPLL and found no
significant association.

To confirm the associations at the eight loci, we selected the eight
SNPs that had the smallest P value at each locus for the replication
study. We genotyped an independent set of 548 Japanese individuals
with OPLL and 6,469 Japanese controls (Supplementary Table 1),
finding significant associations for 5 of the 8 SNPs, even after
Bonferroni correction with P < 6.25 x 1072 (0.05/8) (Table 1 and
Supplementary Table 2). Combining the results from the GWAS and
replication study, six SNPs reached a genome-wide significance thresh-
old of P < 9.68 x 107 (0.05/5,163,786) (Table 1 and Supplementary
Table 3). The Breslow-Day test for these six SNPs showed an absence

Table 1 Association of the six genome-wide significant loci
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of significant heterogeneity (P > 0.05) between studies. We carried
out age- and sex-adjusted analyses using a logistic regression model
and confirmed similar association after adjustment (Supplementary
Table 4). We next conducted conditional analysis to adjust for the top
SNPs at these six loci using the GWAS data. There were no independ-
ently associated signals in the six loci (Supplementary Fig. 2).

The most highly associated SNP in the meta-analysis, rs2423294
(Peombined = 1.10 x 107123), was located in the 3’ flanking region of
HAOI at 20p12.3 (Fig. 2a). HAOI is expressed primarily in the liver
and pancreas and encodes hydroxyacid oxidase, which oxidizes
2-hydroxyacid. We identified 80 imputed SNPs in this region
that reached a genome-wide significance threshold for association
(P < 5x107%); 71 highly associated SNPs (P < 1 x 1077) were located
in the 3’ flanking region of HAO1I (Fig. 2a).

The associated region at 8q23.1 contained three genes—RSPO2,
EIF3E and EMC2 (Fig. 2b). RSPO2 encodes a member of the
R-spondin family of secreted proteins that are involved in f-catenin
activation through canonical Wnt/B-catenin signaling!'!, which
is indispensable for osteoblastogenesis'?. Reduced expression of
R-spondin 2 has been reported in osteoarthritis-derived osteoblasts,
and Wnt-dependent mineralization of osteoblasts is promoted by
R-spondin 2 (ref. 13). EIF3E encodes a component of the eukaryotic
translation initiation factor 3 (eIF-3) complex, which is required for
several steps in the initiation of protein synthesis. The eIF-3 complex

Allele Genes in or near RAF

SNP ID (risk allele) Chromosome associated region? Study Case Control P valueP OR (95% Cl)¢ Pretd
rs2423294 TIC (T) 20pl2.3 HAGT GWAS 0.207 0.155 4.90 x 10-10 1.43(1.27-1.60)
Replication 0.203 0.155 4.00 x 10-5 1.38(1.19-1.62)

Combined® 0.205 0.155 1.10 x 10-13 1.41(1.29-1.55) 0.757
rs374810 AG (G) 8g23.1 RSPO2, EIF3E, GWAS 0.676 0.607 5.79 x 10-10 1.35(1.23-1.49)
EMC2 Replication 0.675 0.615 8.88 x 10-° 1.30(1.14-1.49)

Combinede 0.676 0.611 1.88 x 10-13 1.34 (1.24-1.44) 0.651
rs1979679 T/IC(T) 12pl1.22 cepeat GWAS 0.422 0.360 2.42 x 108 1.30(1.18-1.42)
Replication 0.426 0.364 4.75 % 10-5 1.30(1.14-1.47)

Combined® 0.423 0.362 4.34 x 10-12 1.30 (1.21-1.40) 0.994
rs11045000 A/G (A) 12pl2.2 LOC100506393 GWAS 0.523 0.454 1.74 x 10-° 1.32(1.20-1.44)
Replication 0.514 0.466 2.35x 1073 1.21(1.07-1.37)

Combined® 0.520 0.460 2.95x 10-11 1.28(1.19-1.38) 0.281
rs13279799 AG (G) 8q23.3 LINCO0536, EIF3H  GWAS 0.378 0.317 8.96 x 10-° 1.31(1.19-1.44)
Replication 0.368 0.322 1.80 x 10-3 1.23(1.08-1.39)

Combined® 0.375 0.319 1.28 x 1010 1.28(1.19-1.38) 0.416
rs927485 T/C(C) 6p21.1 CDCS5L, MIR4642, GWAS 0.176 0.134 2.10 x 107 1.37 (1.22-1.55)
SUPT3H Replication 0.169 0.140 8.19 x 10-3 1.25(1.06-1.48)

Combined® 0.173 0.137 9.40 x 109 1.33(1.21-1.46) 0.372

RAF, risk allele frequency; OR, odds ratio; Cl, confidence interval.

aGenes in the LD block of the associated SNPs are shown in bold. PResults from the Cochran-Armitage trend test. cEstimated for the risk allele from a 2 x 2 allele frequency table. YResults from

the Breslow-Day test. ®Calculated by the Mantel-Haenszel method.
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Figure 2 Regional association plots at six susceptibility loci for OPLL. Each
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plot shows —logig P values against the chromosomal positions of SNPs

in the specific region. The genotyped SNP with the strongest association signal in each locus is represented as a purple diamond; the other SNPs are
colored according to the extent of LD with this SNP. Estimated recombination rates from the hg19/1000 Genomes Project March 2012 East Asian
reference are shown as light-blue lines. (a) 20p12.3. (b) 8923.1. (c) 12p11.22. (d) 12p12.2. (e) 8q23.3. (f) 6p21.1.

stimulates mRNA recruitment to the 43S preinitiation complex
and scanning of the mRNA for recognition of the translation
initiation codon!4. EMC2 encodes a component of the endoplasmic
reticulum membrane protein complex!>; however, its cellular func-
tion is unclear.

The chromosome 12p11.22 region contained CCDC91 (Fig. 2c¢),
which encodes a protein involved in the trans-Golgi network. Notably,
the associated region was located adjacent to the PTHLH gene, which
encodes a member of the parathyroid hormone (PTH) family. PTH,
via its receptor PTHIR, regulates endochondral ossification, which is
related to OPLL progression!S. Associated SNPs at the 12p12.2 locus
were in LOC100506393 (Fig. 2d), which is predicted to encode a large
intergenic noncoding RNA (lincRNA). LOC100506393 consists of
three exons and has no similarity to known orthologous transcripts.
The associated region at 8q23.3 was located in a gene desert between
LINC00536 and EIF3H (Fig. 2e). LINC00536 encodes a lincRNA of
unknown function. EIF3H encodes a component of the eIF-3 com-
plex, as does EIF3E. The fact that two of the six loci for OPLL harbor
genes encoding proteins in the eIF-3 complex suggests that aberra-
tions in this pathway might be key in OPLL pathogenesis.

The associated region at 6p21.1 was located in the gene desert
between CDC5L, MIR4642 and SUPT3H (Fig. 2f). The cell division
cycle 5-like protein encoded by the CDC5L gene is a positive regula-
tor of G2/M progression in the cell cycle!”. CDC5L was also found
to be a core component of a putative E3 ubiquitin ligase complex.
This complex has been shown to have a role in pre-mRNA splic-
ing from yeast to humans!®. MIR4642, located in intron 14 of the
CDC5L gene, encodes a microRNA whose target genes and functions
are unknown. SUPT3H encodes a human homolog of Spt3, which is
a Saccharomyces cerevisiae transcription factor required for the tran-
scription of a number of RNA polymerase II-transcribed genes!®.
An association of bone mineral density in the lumbar spine with a
SNP (rs11755164) 155 kb downstream of the SUPT3H gene has been
reported?0, but this SNP was not in linkage disequilibrium (LD) with
rs927485 (D’ = 0.013, ¥ = 0).

Fifteen genes or loci have previously been reported to be associ-
ated with OPLL. We investigated the GWAS data for these reported
genes but found no significant association (Supplementary Table 5).
A genome-wide linkage study reported five loci that showed suggestive
linkage after stratification by OPLL severity, age at diagnosis and asso-
ciated diabetes mellitus?!. One of the six SNPs that showed genome-
wide significant association with OPLL, 152423294 (Pcqmpined = 1.10 X
10713), was located in the linkage region at 20p12.3 (Supplementary
Fig. 3). We stratified the cases from our GWAS according to the pre-
vious linkage study?! and investigated the associations of the SNPs
in the linkage regions. In all strata, the OR estimates for association
increased after stratification (Supplementary Table 6). A stratum of
subjects without diabetes mellitus showed genome-wide significant
association at rs10486860 in the 7q22 linkage region (P =4.31 x 1078),
suggesting that OPLL is genetically heterogeneous and that the locus
is associated with a subtype of OPLL. Association of diabetes mellitus
in individuals with OPLL and the contribution of abnormal insulin
metabolism to OPLL have been reported??.

To understand the functional roles of the loci and genes associ-
ated with OPLL, we first examined expression of the candidate genes
within the LD blocks for the associated SNPs (Fig. 2). We assessed
the mRNA expression of these six genes in human bone cells and
fibroblasts by RT-PCR. EIF3E, EMC2 and CCDC91 were abundantly
expressed in both cells, whereas HAOI, RSPO2 and LOC100506393
expression was absent in these cells (Supplementary Fig. 4). There
was no difference in the expression of the genes in the two cell types.
We then examined the expression of these genes in the ATDCS5 cell
line, a mouse model of endochondral ossification?3. Expression of
Hoal, Rspo2 and Ccdc91 was lower during early stages of chondrogen-
esis, whereas expression of Sox9, the master gene for chondrogenesis,
was higher; in later stages, the expression of cartilage matrix genes
(Acan and Col2al) was increased (Supplementary Fig. 5).

We next investigated the 63 genes within 1 Mb of the associated
SNPs for differential expression in osteoblasts and fibroblasts. We
examined the cell type-specific gene expression profile using the
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FANTOMS5 SSTAR database®, The expression of four genes was
increased by >2-fold in osteoblasts, whereas the expression of six genes
was increased by >2-fold in fibroblasts (Supplementary Table 7).
‘We examined the ten genes that showed differential expression in
quantitative PCR (qPCR) experiments and confirmed increased gene
expression of RSPHY and STK38L in osteoblasts (Supplementary
Table 7), suggesting that these genes have a role in membranous
ossification. The protein encoded by the RSPHY gene is a com-
ponent of the radial spoke head in motile cilia and flagella®’. The
primary cilia machinery has a critical role in the Hedgehog signal-
ing pathway in skeletal development and has been implicated in a
dozen disorders known as skeletal ciliopathies®®. STK38L encodes
a serine/threonine protein kinase that controls the protein stabil-
ity of the cyclin-dependent kinase inhibitor protein p21 through
direct phosphorylation and inhibits G1/S progression through the
cell cycle?”. We further investigated expression of the 63 genes in
mesenchymal stem cells (MSCs) from the spinal ligament. We com-
pared gene expression between the MSCs obtained from subjects
with and without OPLL?® using a cDNA microarray and confirmed
differential expression by qPCR. There was no significant difference
in the expression of the genes within 1 Mb of the associated SNPs
(data not shown).

To gain additional information regarding the function of the
SNPs, we examined all publically available expression quantitative
trait locus (eQTL) data (Genevar) obtained from the analysis of a
lymphoblastoid cell line?”. There was no evidence of a significant
association between genotype and gene expression (P > 0.05 after
adjustment for multiple testing). We applied literature-based pathway
analysis, using GRATL to investigate the connections between genes
in the OPLL-associated loci. We used 6 regions that had a significant
genome-wide association as query regions, resulting in the analysis
of 12 unique genes. We found a subset of two SNPs with a functional
connection (GRAIL P < 0.05)—EIF3E (rs374810; P = 0.020) and
EIF3H (rs13279799; P = 0.021)—with members of the translation
initiation pathway.

In summary, through a GWAS and replication study in Japanese
populations, we identified six new susceptibility loci for OPLL. One of
these overlapped with a previously reported linkage region. Analyses
of gene expression in and around the OPLL-associated loci suggested
that RSPH9 and STK38L might be involved in OPLL etiology through
the membranous ossification process and that HAOI1, RSPO2 and
CCDC91 might be involved through the endochondral ossification
process. Additional genetic and functional studies for the loci and
genes identified by our study should aid in clarification of the etiology
and pathogenesis of OPLL.

URLs. 1000 Genomes Project, http://www.1000genomes.org/;
Genevar, http://www.sanger.ac.uk/resources/software/genevar/;
GRAIL, http://www.broadinstitute.org/mpg/grail/; FANTOMS5
SSTAR, http://fantom.gsc.riken.jp/5/sstar/Main_Page; EIGENSTRAT,
http://genetics.med.harvard.edu/reich/Reich_Lab/Software. html;
Minimac, http://genome.sph.umich.edu/wiki/Minimac; LocusZoom,
http://csg.sph.umich.edu/locuszoom/; PLINK, http://pngu.mgh.
harvard.edu/~purcell/plink/.

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

Subjects. The characteristics of each case-control group are shown in
Supplementary Table 1. OPLL was diagnosed by experienced spinal surgeons
from the participating hospitals on the basis of radiographic examination of
the spine. Ectopic bone formation of the posterior longitudinal ligament in the
cervical region of the spine was evaluated. A total of 1,660 Japanese individu-
als who had OPLL of more than two vertebra segments were included in this
study. We used genome-wide screening data from subjects with 1 of 10 diseases
(1,145 with cerebral aneurysm, 1,034 with chronic obstructive pulmonary
disease, 811 with endometrial cancer, 1,020 with esophageal cancer, 935 with
glaucoma, 1,442 with atopic dermatitis, 1,667 with epilepsy, 1,732 with Graves’
disease, 612 with nephrotic syndrome and 1,016 with urolithiasis) unrelated
to OPLL in the BioBank Japan Project®!, 978 volunteers from the Osaka-
Midosuji Rotary Club in Japan and 887 healthy subjects from the PharmaSNP
Consortium for the controls. All individuals gave written informed consent
to participate in the study. This research project was approved by the ethical
comimittees at the RIKEN Yokohama Institute.

Genotyping and quality control for GWAS. Genomic DNA was extracted
from peripheral blood leukocytes using a standard method. For the GWAS,
we genotyped case samples using the llumina HumanOmniExpressExome
BeadChip and control samples using the Hlumina HumanOmniExpress
BeadChip and the Illumina HumanExome BeadChip. After standard SNP
quality control, which excluded SNPs with a call rate of <0.99, SNPs that devi-
ated from Hardy-Weinberg equilibrium (P < 1 x 107 in controls) and non-
polymorphic SNPs, a total of 616,496 autosomal SNPs were used for further
analysis. For sample quality control, we evaluated cryptic relatedness for each
sample with an identity-by-state method and removed samples that showed
second-degrees relatedness or closer. To examine population stratification
in this study, we performed PCA% using four reference populations from
HapMap data as the reference, including Europeans (CEU), Africans (YRI),
Japanese (JPT) and Han Chinese (CHB), with smartpca. We generated the
scatterplot, using the top two associated principal components (eigenvectors)
to identify outliers who did not belong to the JPT/CHB cluster. Subsequently,
we performed PCA using only the genotype information from the case and
control subjects without HapMap data to further evaluate population sub-
structure. After performing PCA, we selected 1,112 cases and 6,810 controls
within the major Japanese (Hondo) cluster for subsequent analysis. We used
the quantile-quantile plot of observed P values to evaluate the potential effect
of population stratification.

In the replication study, we genotyped 548 individuals with OPLL using a
multiplex PCR-based Invader assay (Third Wave Technologies). We recruited
6,469 controls within the Hondo cluster registered in BioBank Japan with-
out OPLL for the replication study. The genotype concordance rate for
the six SNPs in Table 1 between samples genotyped using the Illumina
HumanOmniExpressExome BeadChip and the same samples genotyped with
the multiplex PCR-based Invader assay was 0.9997.

Statistical analysis. In the GWAS and the replication study, we assessed the
association of each SNP with the 1-degree-of-freedom Cochran-Armitage
trend test. We calculated OR values and their Cls from a 2 x 2 allele fre-
quency table. We combined data from the GWAS and replication study using
the Mantel-Haenszel method and examined heterogeneity between studies
using the Breslow-Day test??. Regional association plots were generated using
LocusZoom34. We carried out conditional logistic regression analysis with
PLINK v1.07 (ref. 35), adjusting for the top SNPs for each locus to determine
whether independently associated SNPs existed.

X-chromosome association study. We performed testing for association on
the X chromosome for male and female genotypes separately. For male geno-
types, we used 758 cases and 3,988 controls. After quality control as described
above, we applied the y? test to the 2 x 2 contingency table for 12,401 SNPs.
For female genotypes, we used 354 cases and 2,822 controls and applied the
1-degree-of-freedom Cochran-Armitage trend test for 12,908 SNPs. We com-
bined the male and female association test results for 12,229 SNPs using the
inverse normal method.

Imputation. We performed genotype imputation within the GWAS using
Minimac?’. We used individuals from the 1000 Genomes Project (phased JPT,
CHB and Han Chinese South (CHS) data; March 2012) as reference popula-
tions¥®, Because imputation errors are more serious when allele frequencies
are low, SNPs with minor allele frequencies of <1% were excluded. SNPs with
alow quality of imputation (Minimac software quality score of R? < 0.9) were
also excluded. After quality control, 5,163,786 imputed SNPs were available for
analysis. Association tests were performed for dosage with mach2dat®.

Pathway analysis. We investigated connections between genes in the OPLL-
associated loci with GRAIL??. We set the parameters as follows: genome assem-
bly, release 22/hg18; HapMap population, JPT + CHB; functional data source,
PubMed text (August 2012); gene size correction, off; gene list, all human
genes within the database. The rs numbers of the six SNPs listed in Table 1
were used as a query.

Gene expression analysis. MSCs from the spinal ligaments of individuals
with and without OPLL were obtained as previously described?®. ATDC5
cells (RIKEN Cell Bank) were cultured as previously described?®. cDNA from
MSCs, ATDCS cells, dermal fibroblast and bone was synthesized for quantita-
tive RT-PCR using the Sensiscript RT kit (Qiagen). Quantitative RT-PCR was
performed with a StepOnePlus Real-Time PCR system (Applied Biosystems)
using the QuantiTect SYBR Green PCR kit (Qiagen).

Microarray analysis. We analyzed mRNA expression in MSCs from the spi-
nal ligaments of individuals with and without OPLL?® using the SurePrint
G3 Human Gene Expression 8x60K array (Agilent Technologies). For the
transcripts whose levels were changed by >2-fold and had a false discovery
rate-corrected Welch’s t-test P value of <0.05, we verified the difference in
expression by qPCR (# = 8 for individuals with and without OPLL).
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Abstract Percutaneous vertebroplasty (PVP) has been in-
creasingly performed for the treatment of osteoporotic verte-
bral compression fracture. Despite its minimally invasive
procedure, several complications associated with PVP have
been reported, including adjacent-level vertebral fracture. Al-
though rare, recollapse of the same vertebrae after PVP has
also been reported. However, previous studies have not de-
scribed a case in which collapses of both the cemented verte-
brae and adjacent-level vertebrae occurred following PVP.
Here, we report a rare case of severe kyphotic deformity
resulting from collapses at the cemented and adjacent verte-
brae after PVP using calcium phosphate cement (CPC). The
patient required a highly invasive reconstruction procedure as
a salvage surgery.

Keywords Percutaneous vertebroplasty - Calcium phosphate
cement - Recollapse - Complication

Introduction

Vertebral compression fractures (VCFs), whether osteopo-
rotic, traumatic, or secondary to other pathological condi-
tions, can be extremely painful and associated with in-
creased morbidity and mortality [1]. Percutaneous
vertebroplasty (PVP) or kyphoplasty has been increasingly
performed for the treatment of VCFs and pseudoarthrosis
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[2, 3]. This technique is effective in providing immediate
pain reduction and promoting an early return to daily activ-
ities. For many years, poly-methyl methacrylate (PMMA)
cement has been used in PVP for the augmentation of the
vertebrae [4, 5]. Recently, the efficacy of using calcium
phosphate cement (CPC) in PVP as a filling material has
been reported because of its nontoxic, biocompatible, and
osteoconductive properties [6, 7].

The image-guided, minimally invasive PVP procedure of-
fers less risks compared with open surgery [8]. However,
several complications associated with PVP have been report-
ed, including pulmonary embolism, neurological deficits, in-
fection, and new VCFs [9-11]. The incidence of new VCFs
after PVP has been reported to be 1252 % [12, 13]. In the
previous studies, 41-64 % of the new VCFs occurred at the
vertebrae adjacent to the cemented vertebrae [13, 14]. Al-
though rare, recollapse or refracture of the same vertebral
body after PVP has also been reported with an incidence of
0.52 % [15]. It is still unclear whether the recollapse after PVP
is a natural progression of osteoporosis {16]. However, several
risk factors associated with recollapse of the cemented verte-
brae have been suggested, including osteonecrosis, cystic
filling pattern of cement, preoperative kyphotic angle, and
its correction [15, 17].

Although both the recollapse of the cemented vertebrae and
adjacent-level fracture are clinically recognized complications
after PVP, to our knowledge, previous reports have not de-
scribed a case in which collapses of both the cemented verte-
brae and adjacent-level vertebrae occurred in the same patient.
Here, we report a rare case of serial vertebral collapses of the
augmented and adjacent vertebrae after PVP using CPC,
resulting in extremely severe kyphotic deformity of the spine
(regional kyphosis >75 degrees). The patient required
anterior-posterior combined reconstruction to restore the spi-
nal sagittal alignment.
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Fig.1 Preoperative magnetic resonance imaging (a). Preoperative lateral
X-rays in supine position (b) and standing position (¢). The white arrows
indicate the cleft in the L3 vertebrae

Case presentation

A 74-year-old woman suffered from low back pain without
a history of trauma and visited our clinic in October of
2010. Radiological studies demonstrated an L3 osteoporot-
ic VCF. Although she was conservatively treated with a
lumbar spine brace for 3 months, her back pain persisted.
The patient was admitted to our hospital. There were no
neurological deficits. However, her visual analog scale
(VAS) score for low back pain was 10 points (full score:
10 points). The patient’s comorbidities included a history of
deep vein thrombosis, anemia, and osteoporosis. Her bone
mineral density measured at the proximal femur was
0.566 g/cm? (T score: —3.1, Z score: —0.6). Magnetic reso-
nance imaging (MRI) demonstrated cleft with fluid collec-
tion in the L3 vertebrae (Fig. 1a), and the X-ray in the
supine position demonstrated a vacuum phenomenon in
the L3 vertebrae (Fig. 1b). Additionally, functional X-rays
revealed instability of the vertebrae; the patient was diag-
nosed pseudoarthrosis of L3. The regional kyphotic angle at
L2-4 in the standing X-ray was 40 degrees (Fig. 1c). Her

Fig. 2 Lateral X-rays
immediately after vertebroplasty
(a), 1 month (b), and 6 months
after vertebroplasty using CPC
(¢). Lateral X-ray after the
reconstruction surgery (d)

@ Springer

standing X-ray of the total spine revealed a kyphotic sagit-
tal alignment; the sagittal vertical axis (SVA) was 156 mm.

Three months after the symptom onset, the patient
underwent a PVP using CPC under local anesthesia using an
endoscopic technique [18]. Fifteen milliliters of CPC was
injected using a transpedicular approach under local anesthe-
sia after debridement of the intravertebral scar was performed
under endoscopy. Since the mechanical strength of CPC
reaches its maximum in approximately 24 h, the patient need-
ed bed rest for 24 h after PVP under hospitalization. She
started walking 1 day after the surgery with a hard corset.
Her back pain immediately resolved; the VAS score was
improved from 10 to 2.2 points. The postoperative kyphotic
angle at 1.2-4 and the SVA were improved to 2 degrees and
75 mm, respectively.

The post-operative X-ray demonstrated an acceptable re-
duction of the vertebra without CPC leakage or collapse
(Fig. 2a). One month after the PVP, her low back pain grad-
ually increased again. A routine X-ray at 1 month revealed
recollapse of the 1.3 vertebrae and fracture of the CPC without
any events of trauma (Fig. 2b). Two months after the PVP, a
regional kyphotic change developed at the level of the L3
vertebrae (L2-4: 24 degree kyphosis). Subsequently, an
adjacent-level VCF (L4) occurred, resulting in further severe
kyphotic deformity (L2-4: 77 degree kyphosis, SVA: over
250 mm, Fig. 2¢).

The patient underwent anterior-posterior combined re-
constructive surgery at 6 months after the initial PVP
(Fig. 2d). The sagittal spine alignment was successfully
restored after the surgery; the SVA at standing X-ray was
65 mm. The patient was discharged from the hospital
with an independent gait. The spinal alignment was
maintained at the 1-year follow-up.

Discussion

PVP is traditionally performed using PMMA [4, 5]; however,
PMMA lacks the potential for osteoconduction,
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osteoinduction, remodeling, or integration into the adjacent
bone. Additionally, there are thermal effects during polymer-
ization, which is potentially harmful for both inside and out-
side the vertebrae [5]. Therefore, CPC has gained recent
interest as a filling material for PVP because of its nontoxic,
biocompatible, and osteoconductive properties [5, 7]. Various
studies have reported the clinical efficacy of PVP using CPC
for the treatment of osteoporotic VCFs [6, 18]. The compres-
sive strength of CPC is known to be less than that of normal
cortical bone and greater than that of cancellous bone. How-
ever, the mechanical properties of CPC are inferior to those of
PMMA [19, 20]. Furthermore, the strength can be reduced
when CPC is mixed with blood [21]. Therefore, there is a
potential risk for the fracture of CPC and the collapse of the
augmented vertebral body after PVP [22].

In this case report, PVP using CPC was performed for the
treatment of L3 VCF. We used an endoscopic technique for
the debridement of the intravertebral scar [18]. Although the
augmentation of the L3 vertebrae and pain relief were suc-
cessfully achieved, the fragmentation of CPC and the
recollapse of the augmented vertebrae occurred 1 month after
the surgery. The endoscopic technique is useful to remove the
granulation tissue in the vertebrae and to sufficiently fill CPC
in the cavity [18]. However, too much debridement may cause
violation of the surrounding cancellous bone and weaken its
mechanical strength. Furthermore, Blattert et al. has reported
that the mechanical property of CPC is particularly weak in
flexural strength: there is a tenfold difference in flexural
strength between CPC (3 Mpa) and PMMA (30 Mpa) [19].
Therefore, CPC is susceptible to failure in situations where
flexural, tractive, and/or shear forces can act on the filling
material. As previously described, the use of CPC in PVP may
not be suitable for the treatment of burst-type fractures,
flexion-distraction injuries, or rotational instable fractures
[23, 24]. The original VCF in this case was classified as an
incomplete burst-type [25], and there was significant instabil-
ity in the fractured vertebrae in the functional X-ray. For such
cases, use of stiffer filling material, such as PMMA, or PVP
with posterior pedicle screw instrumentation would be better
to prevent the recollapse of the augmented vertebrae [26, 27].

Previous studies have investigated risk factors for recollapse
of the cemented vertebrae after PVP. Kang et al. has reported
that preoperative kyphotic angle significantly influences the
occurrence of the recollapse of the vertebrae augmented by
cement. Chen et al. have also shown several risk factors for
the recollapse, including greater anterior vertebral height resto-
ration and cystic filling pattern [15, 17]. In the presented case,
preoperative hyperkyphosis at the fractured vertebrae needed
great anterior vertebral height restoration using a large amount
of CPC with cystic filling pattern. In addition to the mechanical
weakness of CPC, these factors may have caused the recollapse
of the cemented vertebrae after PVP.

Adjacent-level VCF is also known as one of the complica-
tions associated with PVP. Although it remains unclear wheth-
er PVP directly causes adjacent vertebral fractures, the relative
risk of adjacent-level fractures has been reported to be 4.62
times that for nonadjacent level fracture after PVP [13]. Bio-
mechanical studies have shown that the volume of cement is
associated with the subsequent adjacent level VCF [28, 29].
When a large volume of bone cement is injected into a
vertebral body, the level of stiffness exceeds that of normal
bone [29]. In the case presented here, the large amount of
cement (nearly 15 ml) needed to be injected because of the
large space of cleft in the fractured vertebrae. This can be
considered as one of the causes of subsequent adjacent-level
fracture. Furthermore, it is known that sagittal balance and
focal kyphosis has been considered a risk factor for additional
spine fractures [30]. Therefore, recollapse of the augmented
vertebrae and resulting kyphosis can be a risk factor for the
new adjacent-level VCF after PVP. Indeed, in this case, the
events of CPC fragmentation, recollapse of the cemented
vertebrae, regional kyphotic change, and further adjacent-
level fracture were serially observed. As a result, the collapses
of two adjacent vertebrae (1.3 and L4) lead to extremely severe
kyphosis and instability of the spine.

Several salvage procedures for failed PVP have been re-
ported, including repeated PVP, anterior fusion, posterior
fusion, and anterior-posterior combined reconstruction [31].
Repeated PVP is difficult to perform for the highly collapsed
vertebrae, and it is impossible to correct the severe kyphotic
deformity. Thus, we chose reconstruction salvage surgery for
this patient. The anterior-posterior combined reconstruction
procedure was effective to correct the severe kyphotic defor-
mity and maintain the sagittal alignment.

Conclusions

PVP is an effective minimally invasive procedure for the
treatment of osteoporotic VCF in the elderly. CPC is an
attractive filling material for PVP because of its biocompati-
bility and osteoconductivity. However, in cases with highly
unstable VCF, PVP using CPC can result in recollapse of the
augmented vertebrae and severe kyphotic deformity, which
may require highly invasive reconstruction procedure as a
salvage surgery.

Informed consent Written informed consent was obtained from the
patient for publication of this case report and any accompanying images.

Conflict of interest The authors declare that they have no conflicts of
interest.

@ Springer

-157-



1480

Skeletal Radiol (2014) 43:1477-1480

References

10.

11.

12.

13.

14.

15.

16.

. Bliuc D, Nguyen ND, Milch VE, Nguyen TV, Eisman JA, Center JR.

Mortality risk associated with low-trauma osteoporotic fracture and
subsequent fracture in men and women. JAMA. 2009;301:513-21.

. Hulme PA, Krebs J, Ferguson SJ, Berlemann U. Vertebroplasty and

kyphoplasty: a systematic review of 69 clinical studies. Spine.
2006;31:1983-2001. Phila Pa 1976.

. Ploeg WT, Veldhuizen AG, The B, Sietsma MS. Percutaneous

vertebroplasty as a treatment for osteoporotic vertebral compression
fractures: a systematic review. Eur Spine J. 2006;15:1749-58,

. Garfin SR, Yuan HA, Reiley MA. New technologies in spine:

kyphoplasty and vertebroplasty for the treatment of painful osteopo-
rotic compression fractures. Spine. 2001;26:1511-5. Phila Pa 1976.

. Lieberman IH, Togawa D, Kayanja MM. Vertebroplasty and

kyphoplasty: filler materials. Spine J. 2005;5:3055-16.

. Nakano M, Hirano N, Ishihara H, Kawaguchi Y, Watanabe H,

Matsuura K. Calcium phosphate cement-based vertebroplasty com-
pared with conservative treatment for osteoporotic compression frac-
tures: a matched case—control study. J Neurosurg Spine. 2006;4:110~
7

. Tumer TM, Urban RM, Singh K, Hall DJ, Renner SM, Lim TH, et al.

Vertebroplasty comparing injectable calcium phosphate cement com-
pared with polymethylmethacrylate in a unique canine vertebral body
large defect model. Spine J. 2008;8:482-7.

. Jensen ME, Evans AlJ, Mathis JM, Kallmes DF, Cloft HJ, Dion JE.

Percutaneous polymethylmethacrylate vertebroplasty in the treatment
of osteoporotic vertebral body compression fractures: technical as-
pects. AINR Am J Neuroradiol. 1997;18:1897-904.

. Cosar M, Sasani M, Oktenoglu T, Kaner T, Ercelen O, Kose KC,

et al. The major complications of transpedicular vertebroplasty. J
Neurosurg Spine. 2009;11:607-13.

Zhang ID, Poffyn B, Sys G, Uyttendacle D. Comparison of
vertebroplasty and kyphoplasty for complications. Orthop Surg.
2011;3:158-60.

Eom KS, Kim TY. Percutaneous vertebroplasty-induced adjacent
vertebral compression fracture. Pain Physician. 2012;15:E527--32.
Ahn Y, Lee JH, Lee HY, Lee SH, Keem SH. Predictive factors for
subsequent vertebral fracture after percutancous vertebroplasty. J
Neurosurg Spine. 2008;9:129-36.

Trout AT, Kallmes DF, Kaufmann TJ. New fractures after
vertebroplasty: adjacent fractures occur significantly sooner. AJNR
Am J Neuroradiol. 2006;27:217-23.

Li YA, Lin CL, Chang MC, Liu CL, Chen TH, Lai SC. Subsequent
vertebral fracture after vertebroplasty: incidence and analysis of risk
factors. Spine. 2012;37:179-83. Phila Pa 1976.

Chen LH, Hsich MK, Liao JC, Lai PL, Niu CC, Fu TS, et al.
Repeated percutaneous vertebroplasty for refracture of cemented
vertebrae. Arch Orthop Trauma Surg. 2011;131:927-33.

Kallmes DF, Jensen ME. Percutaneous vertebroplasty. Radiology.
2003;229:27-36.

@ Springer

17.

19.

20.

21.

22.

23.

25.

26.

217.

28.

29.

30.

31

-158-

Kang SK, Lee CW, Park NK, Kang TW, Lim JW, Cha KY, et al.
Predictive risk factors for refracture after percutaneous
vertebroplasty. Ann Rehabil Med. 2011;35:844-51.

. Hoshino M, Nakamura H, Konishi S, Nagayama R, Terai H, Tsujio T,

et al. Endoscopic vertebroplasty for the treatment of chronic vertebral
compression fracture. Technical note. J Neurosurg Spine. 2006;5:
461-7.

Blattert TR, Jestaedt L, Weckbach A. Suitability of a calcium phos-
phate cement in osteoporotic vertebral body fracture augmentation: a
controlled, randomized, clinical trial of balloon kyphoplasty compar-
ing calcium phosphate versus polymethylmethacrylate. Spine.
2009;34:108~14. Phila Pa 1976.

Tomita S, Molloy S, Jasper LE, Abe M, Belkoff SM. Biomechanical
comparison of kyphoplasty with different bone cements. Spine.
2004;29:1203-7. Phila Pa 1976.

Shiga Y, Shimogoryo R, Oka T, Matsuya S, Ishikawa K. The effects
of initial hemostatic period on the mechanical strength and transfor-
mation of apatite cement. Dent Mater J. 2004;23:335-9.

Piazzolla A, De Giorgi G, Solarino G. Vertebral body recollapse
without trauma after kyphoplasty with calcium phosphate cement.
Musculoskelet Surg. 2011;95:141-5.

Schmelzer-Schmied N, Cartens C, Meeder PJ, Dafonseca K.
Comparison of kyphoplasty with use of a calcium phosphate cement
and non-operative therapy in patients with traumatic non-
osteoporotic vertebral fractures. Eur Spine J. 2009;18:624-9.

. Robinson Y, Heyde CE, Forsth P, Olerud C. Kyphoplasty in osteo-

porotic vertebral compression fractures—guidelines and technical con-
siderations. J Orthop Surg Res. 2011;6:43.

Magerl F, Aebi M, Gertzbein SD, Harms J, Nazarian S. A compre-
hensive classification of thoracic and lumbar injuries. Eur Spine J.
1994;3:184-201.

Shen YX, Zhang P, Zhao JG, Xu W, Fan ZH, Lu ZF, et al. Pedicle
screw instrumentation plus augmentation vertebroplasty using calci-
um sulfate for thoracolumbar burst fractures without neurologic
deficits. Orthop Surg. 2011;3:1-6.

Zhang L, Zou J, Gan M, Shi J, Li J, Yang H. Treatment of
thoracolumbar burst fractures: short-segment pedicle instrumentation
versus kyphoplasty. Acta Orthop Belg. 2013;79:718-25.
Liebschner MA, Rosenberg WS, Keaveny TM. Effects of bone
cement volume and distribution on vertebral stiffness after
vertebroplasty. Spine. 2001;26:1547-54. Phila Pa 1976.

Kim JM, Shin DA, Byun DH, Kim HS, Kim S, Kim HI. Effect of
bone cement volume and stiffness on occurrences of adjacent verte-
bral fractures after vertebroplasty. J Korean Neurosurg Soc. 2012;52:
435-40.

Kayanja MM, Togawa D, Lieberman IH. Biomechanical changes
after the augmentation of experimental osteoporotic vertebral com-
pression fractures in the cadaveric thoracic spine. Spine J. 2005;5:55—
63.

. Yang SC, Chen WJ, Yu SW, Tu YK, Kao YH, Chung KC. Revision

strategies for complications and failure of vertebroplasties. Eur Spine
J. 2008;17:982-8.



J Neurosurg Spine 21:292-295, 2014
©AANS, 2014

Spinal deformity caused by hyperimmunoglobulin E
syndrome

Case report

*NAOKO ARrRAYA, M.D., Hirovuki INosg, ML.D., Pa.D., Tsuvosat Kato, M.D., Pu.D.,
MASANORI SAITO, ML.ID., SaTosHI SumMmrva, M.D., Tsuvosar Yamapa, M.D.,
Tosarraka Yosun, M.D., Pa.D., SHiGENORI K awaBaTa, M.D., Pr.D.,

AND Atsusul Oxawa, M.D., Pu.D.

Department of Orthopaedics, Tokyo Medical and Dental University, Tokyo, Japan

Hyperimmunoglobulin E syndrome (HIES) is a rare primary immunodeficiency syndrome characterized by
recurrent staphylococcal infections in the skin and lungs, with an incidence of less than one case per million persons.
Skeletal and connective tissue abnormalities, such as scoliosis, osteoporosis, pathological fractures, and hyperexten-
sive joints, are other manifestations of HIES. However, only one report documents the use of implants to treat spinal
deformity caused by HIES, which was discovered following corrective surgery resulting in postoperative infection.
In this case report, the authors describe a 16-year-old male with low-back pain and infections of the soft tissue.
Radiological findings showed deteriorated kyphotic deformity due to the pathological compression fracture of T-11
with intensive conservative treatment. Anterior and posterior fixation surgery was performed. Thereafter, the patient
showed no signs of infection. An investigation was conducted to avoid any postoperative infection.

(http://thejns.org/doilabs/10.3171/2014 4 SPINE13629)

Key Worps  °
spinal deformity o

reported as Job’s syndrome in 1966 by Davis;! it

was characterized by elevated serum levels of IgE,
chronic eczemas, and recurrent respiratory and soft tissue
infections.! Recently, the cause of HIES was identified
as a genetic mutation of STAT3 and TYK2.!! Symptoms
can include not only immune system abnormalities, but
also skeletal and connective tissue abnormalities, such as
scoliosis, osteoporosis, pathological fractures, and hyper-
extensive joints." To date, however, only one report has
documented scoliosis caused by HIES, which was dis-
covered following corrective surgery that had resulted in
postoperative infection.!* To our knowledge, the present
report is the first on the surgical treatment of spinal defor-
mity caused by HIES, which was diagnosed presurgery.
Here we describe the case of a surgically treated spinal
deformity caused by HIES and discuss various periopera-
tive prophylaxes for preventing postoperative infections
in patients with HIES.

HYPERIMMUNOGLOBULIN E syndrome (HIES) was first

Abbreviations used in this paper: BMD = bone mineral density;
HIES = hyperimmunoglobulin E syndrome.
* Drs. Araya and Inose contributed equally to this work.
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Case Report

History and Examination. A 16-year-old male re-
ported back pain with no evidence of trauma. He visited
a nearby hospital, but an examination did not show any-
thing out of the ordinary at that time. Two months later,
his back pain continued to worsen. He underwent plain
radiography and MRI, and a T-11 compression fracture
was diagnosed (Fig. 1). He was then hospitalized at the
previous institution for further examination and treated
with absolute bed rest. A PET-CT there revealed patho-
logical FDG uptake in the lung, upper jaw, left hip, and
T-11 vertebral body (Fig. 2). Because tumor metastasis
was suspected, a biopsy of the left hip mass was per-
formed and revealed an infection of Staphylococcus au-
reus. Hyperimmunoglobulin E syndrome was diagnosed
because of the elevated serum levels of IgE (Table 1), soft
tissue infection, and lung abscess.

The patient was transferred to our hospital where
we applied a hard brace to immobilize the fracture. His

This article contains some figures that are displayed in color
online but in black-and-white in the print edition.
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Fie. 1. Plain radiographs showing a compression fracture of T-11
(arrows).

medical history revealed that he had experienced a recur-
rent surgical site infection when he underwent an Ilizarov
surgery for Blount’s disease. Genetic investigation to con-
firm the diagnosis revealed a mutation in STATS3. During
the radiographic examination, it was discovered that the
spinal deformity caused by the compression fracture had
rapidly become worse, with a local Cobb angle (T10-12)
of 50° (Fig. 3). To avoid the possibility of infection, we per-
formed a spine biopsy as a safety measure. Pathologically,
the specimen did not show signs of active inflammation.
Additionally, the culture was negative. Thus, we concluded
that the compression fracture was caused by bone fragility
from the HIES, not by the infection. Even after intensive
conservative treatment, his low-back pain continued and

Fic. 2. PET-CT scans showing pathological FDG uptake in the lung
(A), upper jaw (B), left hip (C), and T-11 vertebral body (D).
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TABLE 1: Preoperative laboratory data*

Variable Our Patient  Reference Range

WBC (cells/ml) 9400 3600-9300
hemoglobin (g/dl) 9.0 13.8-16.9
CRP (mg/dl) 9.57 <0.3
1gG (mg/dl) 2168 868-1780
lgA (mg/dl) 378 122-412
IgM (mg/di) 292 28-177
IgE (1U/ml) 3188 <173
bone alkaline phosphatase (ng/L) 15.3 3.7-20.9
deoxypyridinoline (nmol/mmol x 15.9 21-54

creatinine)
BMD (% of young adult mean) 88

* CRP = C-reactive protein; WBC = white blood cell.

the kyphosis became worse. The pain and deformity made
him a suitable candidate for reconstructive surgery. There-
fore, we asked the patient and his family if he was willing
to treat the kyphosis with surgery, since he had an immune
deficiency. They consented, even though they realized the
high risk of postoperative infection.

Operation. We performed an anterior and posterior
reconstruction and fusion surgery. At first, the lesion was
approached through a standard posterolateral thoracoto-
my over the superior edge of the ninth rib. We performed
two discectomies (T10-11, T11-12), a partial corpectomy
of T-11, and positioning of a left fibula and rib graft. Then,
after moving the patient into the prone position, we pro-
ceeded to perform the T9-L1 posterior fusion using ped-
icle screws. As a result, the postoperative kyphosis Cobb
angle was improved to 10° (Fig. 4).

Fie. 3. Plain radiographs showing deteriorated local kyphosis (Cobb
angle 50°).
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Fie. 4. Postoperative plain radiographs (A and B) showing improved
local kyphosis (Cobb angle 10°). Axial CT image (C) showing the posi-
tion of the rib and fibula graft positioned in the patient.

To reduce the risk of infection, 4 days prior to surgery

we prepared the patient by administering intravenous Ig.

. On the day of surgery, we administered vancomycin at

8-hour intervals. We also gave him itraconazole orally

as a precautionary measure against fungal infection. For

treatment of the lung abscess, we continued the adminis-

tration of trimethoprim/sulfamethoxazole and ampicillin/

sulbactam. The latter combination was switched to cefa-

clor given the improvement of his lung abscess 10 days
postoperation.

Postoperative Course. He was discharged 3 weeks
after the surgery without any signs of infection and back
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TABLE 2: Postoperative laboratory data*

Postop Month Reference
Parameter 1 3 6 12 15 Range
CRP (mg/dl) <0.03 054 <0.03 002 0.03 <0.3
ESR (mm/hr) 5 8 2 0 3 <15

* CRP = C-reactive protein; ESR = erythrocyte sedimentation rate.

pain. At his most recent follow-up 15 months after sur-
gery, he showed no signs of surgical site infection, which
was confirmed by stable, normal C-reactive protein lev-
els and erythrocyte sedimentation rate levels (Table 2).
While the patient’s back pain was resolved, a slight loss of
reduction in kyphosis Cobb angle was observed on plain
radiographs (Fig. 5).

Discussion

Hyperimmunoglobulin E syndrome is a rare primary
immunodeficiency disorder that can also be character-
ized by skeletal abnormalities, with an incidence of less
than 1 case per million persons.® Recurrent pathological
fractures are noted in more than 50% of patients with
HIES 5 Typically, long bones are affected,® and the ver-
tebral column can also be involved.* Interestingly, bone
mineral density (BMD) is not always a good predictive
factor for these pathological fractures. Indeed, the patient
in our case appeared to have high bone resorption activity
given the elevated urine levels of deoxypyridinoline, but
his BMD was within the normal range (Table 1). Hyper-
immunoglobulin E syndrome can also cause scoliosis, al-
though the precise mechanisms are yet to be identified.!!

The surgical indication for juvenile kyphosis has not
yet been well established. Opinions are divided regarding

Fie. 5. Postoperative (15 months) plain radiographs showing a slight
loss of reduction in local kyphosis.
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the application of surgical and nonsurgical procedures in
the treatment of juvenile kyphosis.®!? As a result, a deci-
sion for surgical intervention is an individual one between
surgeons and their patients." Recently, increasing sagittal
plane deformity has been reported to have a significant
impact on health-related quality of life, especially in pain
and self image.”' In our case, continuous pain and de-
teriorating severe local kyphosis led us to consider per-
forming reconstructive surgery.

Indeed, there is much to consider in terms of pre-
venting postoperative infection in patients with HIES.W
After reviewing the featured case and considering the
patient’s current status and medical history along with
other cases of HIES, we applied preventive measures in
the form of antibiotic administration. Because of his lung
abscess, the patient was given ampicillin/sulbactam, tri-
methoprim/sulfamethoxazole, and cefaclor. Additionally,
vancomycin was administered right before and the day
after surgery to prevent the occurrence of infections of
methicillin-resistant Staphylococcus aureus, given the
patient’s long use of various antibiotics.

We also administered intravenous Ig as an immu-
noprophylaxis, since some reports have documented the
usefulness of intravenous Ig for the control of infection
with HIES 237

Conclusions

In summary, the success of the patient’s spinal sur-
gery was largely attributable to actions we took to avoid
infections through the use of various appropriate antibi-
otics and the administration of intravenous Ig. We must
consider the possibility of HIES in juvenile spinal defor-
mity cases, taking into account that these patients have an
immune deficiency.
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