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Abstract: Molecular target therapies have markedly improved the survival of non-small cell lung
cancer (NSCLC) patients, especially those with epidermal growth factor receptor (EGFR) mutations.
A positive EGFR mutation is even more critical when the chronicity of spinal metastasis is con-
sidered. However, most prognostic models that estimate the life expectancy of spinal metastasis
patients do not include these biological factors. We retrospectively reviewed 85 consecutive NSCLC
patients who underwent palliative surgical treatment for spinal metastases to evaluate the following:
(1) the prognostic value of positive EGFR mutation and the chronicity of spinal metastasis, and
(2) the clinical significance of adding these two factors to an existing prognostic model, namely the
New England Spinal Metastasis Score (NESMS). Among 85 patients, 38 (44.7%) were EGFR mutation-
positive. Spinal metastasis presented as the initial manifestation of malignancy in 58 (68.2%) patients.
The multivariate Cox proportional hazard model showed that the chronicity of spinal metastasis
(hazard ratio (HR) = 1.88, p = 0.015) and EGFR mutation positivity (HR = 2.10, p = 0.002) were signifi-
cantly associated with postoperative survival. The Uno’s C-index and time-dependent AUC 6 months
following surgery significantly increased when these factors were added to NESMS (p = 0.004 and
p = 0.022, respectively). In conclusion, biological factors provide an additional prognostic value for
NSCLC patients with spinal metastasis.

Keywords: spinal metastasis; non-small cell lung cancer; decompression; survival; prognosis;
epidermal growth factor receptor; Uno’s C-index; New England Spinal Metastasis Score

1. Introduction

Lung cancer is the most commonly diagnosed malignancy and accounts for approxi-
mately 25% of cancer deaths in men and women [1]. The spinal column is the most frequent
site for the extrapulmonary metastasis of non-small cell lung cancer (NSCLC), which ac-
counts for 80-85% of lung cancer cases [2]. The lung is also the most common location for
primary cancer when a patient presents with spinal metastasis as an initial manifestation
of the disease [3]. The incidence of spinal metastasis associated with NSCLC is increasing
because of improved survival in these patients based on recent advancements in systemic
treatment for NSCLC, such as tyrosine kinase inhibitors (TKIs) for epidermal growth
factor receptor (EGFR) mutations [4,5]. Improved survival and increased incidence of
spinal metastasis in NSCLC patients render surgical treatment and related decision-making
processes for spinal metastasis more important.

Numerous decision-making systems or prognostic models have been introduced to
estimate the remaining life expectancies and to suggest appropriate treatment options for
patients with spinal metastasis [6]. Authors have used evolving methodologies, such as
machine-learning algorithms, to develop a novel prognostic model for spinal metastasis [7].
These models are based on the prognostic factors significantly associated with patient sur-
vival in multivariate logistic or proportional hazards regression analyses [8]. Among these
factors, the anatomical site for a primary cancer is the most significant prognostic factor,
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and is included in all models [9]. However, recent advances in tumor genetics suggest that
a simple stratification of primary cancer by the anatomical site is insufficient [10]. Given the
extensive evidence in the literature that molecular target therapies significantly improve
survival in patients with certain mutations [11], genetic subtype analysis should also be
considered when predicting survival in patients with spinal metastasis.

Another biological factor that should be considered in survival prediction is the
chronicity of spinal metastasis. Several authors have reported that patients with spinal
metastasis at the initial presentation of malignancy (synchronous metastasis) survive
longer than those diagnosed with spinal metastasis later during treatment (metachronous
metastasis) [3,12]. The development of resistance to previous systemic treatment and the
availability of further systemic treatment options have been suggested as potential reasons
for the difference in prognosis [13].

The New England Spinal Metastasis Score (NESMS) was recently introduced as a novel
prognostic model for patients with spinal metastasis [14]. The NESMS consists of a modified
Bauer score component, ambulatory function, and serum albumin (Table 1). The developers
of NESMS prospectively validated the system in their following study [15]. However, even
the recently developed NESMS system does not consider previously described biological
factors when stratifying primary cancer and predicting survival. Therefore, we conducted
this study to evaluate the effect of adding biological factors to a validated prognostic model
for spinal metastasis—the NESMS. Although multiple prognostic models are available,
from conventional scoring systems to novel machine-learning-based models, we chose
NESMS because, to the best of our knowledge, it is thus far the only model validated using
a well-designed prospective investigation with appropriate power [15].

Table 1. The New England Spinal Metastasis Score (NESMS).

Characteristics Points Assigned

1. Modified Bauer Score
No visceral metastasis (1 point) -
Primary tumor is not lung cancer (1 point) -
Primary tumor is breast, renal, lymphoma, or myeloma (1 point) -
Single skeletal metastasis (1 point) -

Score <2 0

Score > 3 2
2. Ambulatory function

Dependent ambulator /non-ambulator 0

Independent ambulator 1
3. Serum albumin

<3.5g/dL 0

>3.5g/dL 1

2. Materials and Methods

Consecutive patients who underwent palliative surgical treatment for spinal metasta-
sis of lung adenocarcinoma between March 2012 and October 2018 at the authors’ insti-
tution were included in the current retrospective study. We included only patients who
were biopsy-proven to have adenocarcinoma of the lung and underwent EGFR mutation
analysis. Exclusion criteria were as follows: (1) missing data on EGFR mutation analysis
results, (2) follow-up period of less than 12 months or unidentified survival period, and
(3) patients who died within 2 weeks following surgery due to immediate postoperative
complications (Figure 1). The current retrospective study obtained ethical approval and a
waiver of informed consent from the institutional review board (IRB No. 2009-060-1155).



J. Clin. Med. 2021, 10, 1119

From March 2012 to October 2018

104 consecutive NSCLC patients underwent

a palliative surgery for spinal metastasis 19 patients excluded

e Missing data on EGFR mutation (n = 10)

e Unidentified survival of follow-up (n = 5)

85 patients selected for analysis

e Expired due to immediate postoperative
complications (n=4)

Figure 1. Flowchart for patient selection. (Abbreviations: NSCLC, non-small cell lung cancer; EGFR, epidermal growth

factor receptor).

Surgeries for NSCLC patients with spinal metastasis were performed based on the
decisions made during a weekly multidisciplinary tumor board meeting consisting of
medical and radiation oncologists, orthopedic and neuro-surgeons, diagnostic radiologists,
and pathologists. In general, surgical treatment was considered for patients who were
anticipated to have a postoperative survival period longer than 6 months. Surgical indica-
tions included (1) metastatic spinal cord compression and (2) spinal instability causing pain
that was uncontrolled by medications or radiotherapy. Three different surgeons from the
Department of Orthopedic Surgery operated on these patients. We performed all surgeries
for palliation.

Patient information was retrieved from electronic medical records and was retrospec-
tively reviewed. Regarding NSCLC and spinal metastasis; we identified the chronicity
of spinal metastasis and the positivity of EGFR mutation as primary dependent vari-
ables. Spinal metastasis diagnosed at the initial presentation of NSCLC was referred to
as synchronous metastasis, and spinal metastasis diagnosed during the course of NSCLC
treatment was referred to as metachronous metastasis. Analysis for EGFR mutation was
performed using either direct DNA sequencing analysis or peptide nucleic acid (PNA)-
mediated real-time polymerase chain reaction (PCR) clamping analysis [16]. Information
on pre- and post-operative systemic treatment regimens, including conventional cytotoxic
chemotherapy and target therapies, such as TKIs, were also collected. To evaluate the
patients’ preoperative status, we assessed the preoperative ambulatory status and serum
albumin, and applied the NESMS using these variables (Table 1). Preoperative serum
albumin within 1 week before surgery and preoperative ambulatory status, which was
routinely recorded 1 day before surgery, were selected for the preoperative evaluation.
Postoperative survival, defined as the time interval between spinal surgery and either
death or the last follow-up, was identified as the primary outcome. Patients’ survival
beyond 6 months postoperatively was considered the secondary outcome.

Survival probability was estimated using the Kaplan-Meier method (product-limit
estimator). The Cox proportional hazard model was applied to develop a prognostic model,
and the proportion hazard assumption was checked using log-log plots and the time-by-
covariate interaction for each predictor. The Uno’s C-index and time-dependent area under
the curve (AUC) 6 months postoperatively were utilized to evaluate the discrimination and
prediction ability of the NESMS, and the effect of adding two biological factors (chronicity
of spinal metastasis and EGFR mutation positivity) into the NESMS. p-values were adjusted
using the Bonferroni method. All statistical analyses were performed using SAS system
for Windows, version 9.4 (SAS Institute, Cary, NC, USA) and R software version 3.6.1
(R Foundation for Statistical Computing, Vienna, Austria). p-values less than 0.05 were
considered statistically significant.
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3. Results

Between March 2012 and October 2018, a total of 104 NSCLC patients received pal-
liative surgery for spinal metastasis at the authors’ institution. Among these patients,
19 were excluded from the analysis for the following reasons: (1) ten due to missing data
on EGFR mutation analysis results, (2) five with an unidentified survival period or death,
and (3) four who died within two weeks after surgery due to immediate postoperative
complications (two pneumonia, one cardiac arrest, and one disseminated intravascular
coagulation due to massive bleeding; Figure 1). As a result, 85 patients (58 males and
27 females) with a mean age of 60.9 (range, 32-81) years were analyzed in the current study.
The characteristics of the study population are described in Table 2.

Table 2. Characteristics of the study cohort.

Categories Variables 1 (%)
Location of spinal metastasis Cervical 16 (18.8%)
Cervicothoracic 7 (8.2%)
Thoracic 41 (48.2%)
Thoracolumbar 3 (3.5%)
Lumbar 18 (21.2%)
Chronicity of spinal metastasis Synchronous 58 (68.2%)
Metachronous 27 (31.8%)
EGFR mutation Positive 38 (44.7%)
Negative 47 (55.3%)
Ambulatory status Independent ambulator 62 (72.9%)
Dependent ambulator /non-ambulator 23 (27.1%)
Serum albumin >3.5g/dL 67 (78.8%)
<35g/dL 18 (21.2%)
NESMS 0 8 (9.4%)
1 25 (29.4%)
2 52 (61.2%)

Seven patients were alive at the last follow-up, with a minimum follow-up period
of 12 months, and the remaining 78 died during follow-up. The median postoperative
survival period estimated by the Kaplan-Meier estimator was 6.4 months for the entire
cohort (n = 85; Figure 2). Patients with a positive EGFR mutation had a significantly
prolonged survival (p = 0.007), and those with synchronous metastasis tended to have
longer survival (p = 0.101) than their counterparts in the log-rank test (Figure 3). According
to the multivariate Cox proportional hazard model, the chronicity of spinal metastasis
(hazard ratio (HR) = 1.88 (95% CI: 1.13. 3.12), p = 0.015), and EGFR mutation positivity
(HR =2.10 (95% CI: 1.30, 3.38), p = 0.002) were significantly associated with postoperative
survival (Table 3). All predictors satisfied the proportional hazard assumption.

The Uno’s C-index (discrimination ability) of NESMS was improved from 0.59 (95% CI:
0.54-0.65) to 0.62 (95% CI: 0.56-0.69), 0.64 (95% CI: 0.58-0.71), and 0.67 (95% CI: 0.61-0.74)
when the chronicity of spinal metastasis, the EGFR mutation positivity, and both factors
were added to the NESMS, respectively (Table 4). The improvement was statistically
significant when the EGFR mutation positivity alone (adjusted p = 0.019) and both factors
(adjusted p = 0.004) were added to the NESMS. The time-dependent AUC for predicting
survival beyond 6 months postoperatively also increased from 0.63 (95% CI: 0.53-0.74)
to 0.73 (95% CI: 0.64-0.82) when the two biological factors were added to the NESMS
(adjusted p = 0.022; Table 5).
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Product-Limit Survival Estimate
with Numbers of Subjects at Risk
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Figure 2. The Kaplan—Meier estimator graph for the total cohort.
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Figure 3. Comparison of the Kaplan-Meier curve stratified by the biological factors.
Table 3. Results of the multivariable Cox proportional hazards model.
Categories Stratifications Hazard Ratio (95% CI) p-Value
NESMS 0 3.21 (1.44,7.18) 0.0045
1 2.57 (1.47,4.50) 0.0010
2 1
Chronicity Synchronous 1.88 (1.13,3.12) 0.0149
Metachronous 1
EGFR mutation Positive 2.10 (1.30, 3.38) 0.0024
Negative 1

Table 4. The changes in the discrimination ability (Uno’s C-index) of prognostic models by adding

biological factors.

Model Uno’s C-Index (95% CI) p-Value Adjusted p *
NESMS 0.59 (0.54, 0.65)
NESMS + chronicity 0.62 (0.56, 0.69) 0.0760 0.2280
NESMS + EGFR 0.64 (0.58, 0.71) 0.0063 0.0189
NESMS + chronicity + EGFR 0.67 (0.61, 0.74) 0.0024 0.0042

* p-value adjusted using the Bonferroni method.
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Table 5. The changes in the
biological factors.

prediction ability (time-dependent area under curve (AUC)) of prognostic models by adding

Model Time-Dependent AUC at 6 Months (95% CI) p-Value Adjusted p *
NESMS 0.63 (0.53, 0.74)
NESMS + chronicity 0.67 (0.55, 0.79) 0.1531 0.4593
NESMS + EGFR 0.69 (0.57,0.81) 0.0320 0.0960
NESMS + chronicity + EGFR 0.73 (0.64, 0.82) 0.0073 0.0219

* p-value adjusted by Bonferroni method.

4. Discussion

In the late 1990s, gefitinib, an oral EGRF TKI, was introduced as a molecular target
therapy for NSCLC patients. A few years later, researchers identified EGFR mutations
in NSCLC patients sensitive to gefitinib. Since then, genetic mutation analyses and cor-
responding molecular target therapies have been game-changers in the management of
NSCLC, improving the survival of patients with EGFR mutations [11]. Several previous
studies have reported the clinical effects of EGFR mutation positivity and TKIs in NSCLC
patients with skeletal [17] and spinal metastasis [18]. In the current study, patients with a
positive EGFR mutation showed a significantly prolonged postoperative survival period
compared to the EGFR mutation-negative group. The EGFR mutation positivity also signifi-
cantly improved the discrimination (Uno’s C-index) and prediction ability (time-dependent
AUC at 6 months postoperatively) of a novel prognostic model—the NESMS. These results
signify the importance of considering biological profiles in the decision-making process for
spinal metastasis.

The timing of diagnosis of spinal metastasis, or the chronicity of spinal metastasis, was
considered an additional biological factor in this study, which was significantly associated
with postoperative survival. In previous studies, not only postoperative survival but also
overall survival, was prolonged in patients with spinal metastasis as the initial manifesta-
tion of malignancy (synchronous metastasis) [3,12]. From the standpoint of tumor genetics,
these findings can be related to the acquired resistance to first-line (first and second genera-
tion) TKIs. Common mechanisms for acquired resistance to TKIs, which usually develop
within 12 months after TKI usage [13], are mutations in 20 exons (threonine-to-methionine
substitution on codon 790, T790M) and MET oncogene amplification [19,20].

In our series, 7 (18.4%) of the 38 patients in the EGFR mutation-positive group showed
a mutation in exon 20 (T790M) later in their disease course, which was not present in the
initial molecular analysis. Five of these seven patients had metachronous spinal metastasis,
and their exon 20 mutations were found in specimens obtained from the spine surgery. For
these patients, third generation TKI (simertinib) or cytotoxic chemotherapy was considered
after spinal surgery, and a shorter life expectancy was anticipated. This effect of acquired
resistance to a TKI in metachronous metastasis patients was reflected in our finding that
the time-dependent AUC 6 months postoperatively was significantly increased when both
factors (EGFR mutation and chronicity) were added to the prognostic model (p = 0.022)
and not when only EGFR mutation positivity was added (p = 0.096). As not all patients
in our series underwent additional biopsies and molecular analyses during their disease
course, the exact number of patients with acquired resistance to TKI in the metachronous
metastasis group cannot be derived. Nevertheless, acquired resistance to TKIs can be
associated with shortened survival in metachronous metastasis patients, and therefore,
the chronicity of spinal metastasis should be considered as a significant biological factor
(Figure 4).
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Figure 4. Comparison of Kaplan-Meier curve stratified by the biological factors. An illustrative case of acquired resistance

to tyrosine kinase inhibitor (TKI) in an epidermal growth factor receptor (EGFR) mutation-positive non-small cell lung

cancer (NSCLC) patient. (A,

B) A 53 years-old male with lung adenocarcinoma in right upper lobe. EGFR mutation analysis

from the lung specimen showed a microdeletion mutation in exon 19. (C) After 2 years of systemic treatment with multiple
regimens including TKI (gefitinib), the patient was diagnosed with multiple spinal metastasis with spinal cord compression

at T7 and T12. (D) The patient underwent a palliative decompression and stabilization, and EGFR mutation analysis from a

spine specimen revealed a missense mutation of EGFR gene exon 20 (T790M). The patient expired 4 months postoperatively

due to disease progression.

We examined the discrimination and prediction ability of the NESMS, a novel and
prospectively validated prognostic model, in this study (Table 1). In this system, the
primary tumor is stratified according to the modified Bauer score. As all patients in our
series had lung adenocarcinoma, the modified Bauer score was 0 for all patients. Therefore,
after eliminating the most significant factor from the NESMS, the remaining factors for the
decision-making process are ambulatory function and serum albumin. In this setting, if
there are two different NSCLC patients with ambulatory status and serum albumin falling
into the same category, the decisions for two patients would be the same according to the
NESMS, even if the two have significantly different biological profiles (e.g., synchronous
metastasis with a positive EGFR mutation versus metachronous metastasis without EGFR
mutation). This novel “classification-based” decision-making system, the NESMS, may
be useful and straightforward when all spinal metastasis patients with diverse primary
cancers are combined; however, its discrimination ability seems to be significantly limited
for individual cancers.

We examined the discrimination and prediction ability of the NESMS, a novel and
prospectively validated prognostic model, in this study (Table 1). In this system, the
primary tumor is stratified according to the modified Bauer score. As all patients in our
series had lung adenocarcinoma, the modified Bauer score was 0 for all patients. Therefore,
after eliminating the most significant factor from the NESMS, the remaining factors for the
decision-making process are ambulatory function and serum albumin. In this setting, if
there are two different NSCLC patients with ambulatory status and serum albumin falling
into the same category, decisions for two patients would be the same according to the
NESMS, even if the two have significantly different biological profiles (e.g., synchronous
metastasis with a positive EGFR mutation versus metachronous metastasis without EGFR
mutation). This novel “classification-based” decision-making system, the NESMS, may
be useful and straightforward when all spinal metastasis patients with diverse primary
cancers are combined; however, its discrimination ability seems to be significantly limited
for individual cancers.
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It is obvious that a prognostic model’s performance will improve if more prognostic
factors are added to it. However, adding too many factors can make a prognostic model
complicated and difficult to use in the clinical setting. Therefore, it is essential to prioritize
prognostic factors according to their weights in multivariate logistic or proportional hazard
regression analyses. Factors with higher odds or hazard ratios should be incorporated
into the system. In our study, a multivariate Cox proportional hazard model (backward
stepwise with likelihood ratio test) yielded a higher hazard ratio for EGFR mutation
positivity (HR =2.27 (95% CI: 1.41, 3.66), p = 0.001) than ambulatory status (HR = 2.26
(95% CI:1.29, 3.95), p = 0.004) and serum albumin (HR = 1.71 (95% CI: 0.96, 3.02), p = 0.068),
which are the main components of the NESMS. These results also emphasize the importance
and necessity of adding biological factors as modifiers in the decision-making systems for
spinal metastasis.

Among the various decision-making systems reported in the literature, there have been
efforts to incorporate biological factors into these systems. In 2014, Katagiri et al. introduced
arevised version of their prognostic system for spinal metastasis, in which the application of
molecular target therapy was considered when stratifying the patient’s primary tumor [10].
In their system, lung cancer treated with molecular target therapy was classified as a
moderate-growth tumor, while lung cancer without available molecular target therapy was
classified as a rapid-growth tumor. Efforts to incorporate biological factors into decision-
making systems, as shown in the revised Katagiri system, are anticipated to be the future
trends in the management of spinal metastases.

In this study, we stratified patients by EGFR mutation positivity rather than by the
treatment they received (e.g., TKI versus platinum-based chemotherapy), as in a previous
study [18]. The most important reason for choosing this categorization is that the EGFR
mutation profile, rather than the type of postoperative systemic treatment the patient will
receive after surgery, is more available at the time of decision-making for spinal metastasis
surgeries. As the purpose of this study was to verify the prognostic value of biological
factors and not to compare the treatment outcomes, our Categorization seems to be more
appropriate. Another reason is the diversity of systemic treatment that a patient with
NSCLC receives after surgery, as well as the start point and duration of these treatments.
In our series, 41 (48.2%) patients received a combination of molecular target therapy and
cytotoxic chemotherapy, whereas only 14 (16.5%) received molecular target therapy alone
postoperatively, regardless of EGFR mutation positivity. In addition, the molecular target
therapies used in our study patients ranged from first to third generation EGFR TKIs
(gefitinib, erlotinib, afatinib, and osimertinib), EGFR monoclonal antibody (cetuximab),
anaplastic lymphoma kinase (ALT) inhibitors (crizotinib), mesenchymal-epithelial transi-
tion (MET) inhibitors (savolitinib, capmatinib), and PD-1 inhibitors (avelumab, nivolumab,
and pembrolizumab). Therefore, it would be impossible and meaningless to stratify pa-
tients by postoperative systemic treatment, given the diversity of mechanisms and the
treatment effects of these agents.

There are several limitations in the current study. First, because of its retrospective
nature, selection bias regarding the inclusion and exclusion criteria cannot be ruled out.
Second, there is a possibility that the differences in surgical aggressiveness between indi-
vidual cases may have influenced the patients” prognosis and survival, such as the case
described in Figure 4 [21,22]. However, this possible effect of surgical strategy on patients’
outcomes was not considered in the analysis. Third, because this study included only
lung adenocarcinoma patients, our results cannot be generalized to spinal metastases of
various primary cancers. Finally, and most importantly, because we did not aim to develop
a new prognostic model in this study and include all relevant prognostic factors in the
analysis, we cannot perform any validations, including calibrations, on our results. We
also cannot suggest how to incorporate biological factors into the decision-making systems
as a modifier, which is well beyond the current study’s scope. Despite these limitations, the
results of this study provide valuable information for state-of-the-art care for patients with
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spinal metastasis, and suggest future directions for the development of decision-making
systems for spinal metastasis.

5. Conclusions

EGFR mutation positivity and the chronicity of spinal metastasis provide additional
prognostic value for NSCLC patients with spinal metastasis. These results signify the impor-
tance of considering biological profiles in the decision-making process for spinal metastasis.
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Abstract: Trunk muscles play an important role in supporting the spinal column. A decline in
trunk muscle mass, as measured by bioelectrical impedance analysis (TMM-BIA), is associated
with low back pain and poor quality of life. The purpose of this study was to determine whether
TMM-BIA correlates with quantitative and functional assessments traditionally used for the trunk
muscles. We included 380 participants (aged > 65 years; 152 males, 228 females) from the Shiraniwa
Elderly Cohort (Shiraniwa) study, for whom the following data were available: TMM-BIA, lumbar
magnetic resonance imaging (MRI), and back muscle strength (BMS). We measured the cross-sectional
area (CSA) and fat-free CSA of the paravertebral muscles (PVM), including the erector spinae (ES),
multifidus (MF), and psoas major (PM), on an axial lumbar MRI at L3/4. The correlation between
TMM-BIA and the CSA of PVM, fat-free CSA of PVM, and BMS was investigated. TMM-BIA
correlated with the CSA of total PVM and each individual PVM. A stronger correlation between
TMM-BIA and fat-free CSA of PVM was observed. The TMM-BIA also strongly correlated with
BMS. TMM-BIA is an easy and reliable way to evaluate the trunk muscle mass in a clinical setting.

Keywords: trunk muscle; bioelectrical impedance analysis; MRI; back muscle strength

1. Introduction

Trunk muscles, especially the paravertebral muscles (PVM), play an important role
in supporting the spinal column [1]. The trunk muscles, which include the erector spinae
(ES), multifidus (MF), and psoas major (PM), are reported to provide spinal stability during
both moving and static states [2]. A decrease in trunk muscle volume or quality, due to
sarcopenia [3] and fatty infiltration, along with aging, leads to spinal problems such as low
back pain [4] and spinal sagittal imbalance [5]. Therefore, the importance of assessing trunk
muscles, especially for the elderly in clinical settings, has attracted attention in recent years.

Traditionally, the quantitative assessment of trunk muscles is performed by measuring
the cross-sectional area (CSA) of PVM using magnetic resonance imaging (MRI) or com-
puted tomography (CT) [6-9], and the functional assessment of trunk muscles is performed
by measuring back muscle strength (BMS) [10,11]. However, quantitative assessment of
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trunk muscles using MRI or CT is not routinely performed owing to the high cost and time
requirements [12].

Bioelectrical impedance analysis (BIA) is a non-invasive examination technique that
determines body composition by measuring the electrical resistance (bioimpedance) of
living tissues [13]. In recent years, it has frequently been used in clinical settings as a
guiding tool for fluid management and identification of the optimal method for patients
undergoing dialysis [14-16]. BIA has been widely used to determine appendicular skeletal
muscle mass (ASM) for diagnosis of sarcopenia [17]. In the limbs, which are mainly
composed of muscle, bone, and fat, the muscle mass calculated by BIA is considered to be
reliable [18].

Moreover, BIA has been used to calculate trunk muscle mass (TMM-BIA) and, recently,
a decline in TMM-BIA has been associated with low back pain and poor quality of life [12].
However, it has been unclear whether the TMM-BIA reflects actual muscle mass, since the
trunk also contains organs. Only one study [19] has reported a correlation between TMM-
BIA and the CSA of PVM on MRI; however, due to the small sample size in that study, the
accuracy of TMM-BIA could not be adequately investigated. Thus, the purpose of this
study was to verify whether TMM-BIA correlates with the quantitative and functional
assessments traditionally used for trunk muscles.

2. Materials and Methods
2.1. Ethics Approval

This study used data obtained from the Shiraniwa Elderly Cohort (Shiraniwa) study [20].
The study protocol was approved by the Institutional Review Board of Osaka City University
Graduate School of Medicine (No. 3484). All methods were performed in accordance with the
Declaration of Helsinki and the Ethical Guidelines for Medical and Health Research Involving
Human Subjects in Japan. Written informed consent was obtained from each participant.

2.2. Study Population

The Shiraniwa study is a prospective cohort study that investigates sarcopenia, lo-
comotive syndrome, frailty, and spinal sagittal imbalance among elderly people (aged
65 years or more) living in suburban areas of Japan and recruited by community notices
and bulletin boards within our hospital. The inclusion criteria of the subjects were as
follows: able to visit the hospital for the survey, able to walk independently, and willing
to participate in annual surveys for 5 years. In total, 458 people applied voluntarily and
were sent consent forms and self-administered questionnaires. After written consent was
obtained, 409 participants (164 males, 245 females; mean age, 73.5 years; SD, 5.4 years) were
finally included in the Shiraniwa study. In this analysis, we obtained the data from the
first-year survey of the Shiraniwa study and excluded participants who could not undergo
MRI or who had metal implants for spinal fusion surgery in their trunk (Figure 1).

2.3. Measurements
All of the following measurements were performed on the same day for each participant.

2.3.1. Trunk Muscle Mass Measurement by BIA (TMM-BIA)

We measured the trunk muscle mass (kg) of participants using the BIA method with a
body composition analyzer (MC-780A, Tanita Co., Tokyo, Japan). BIA is a non-invasive
examination technique used to determine body composition by measuring the electrical
resistance (bioimpedance) of living tissues [21]. The BIA device (MC-780A) measures
bioimpedance using six electrical frequencies (1, 5, 50, 250, 500, and 1000 kHz). It can
accurately identify bone and fat because it distinguishes tissues by their bioimpedance.
Muscle mass (kg) was calculated by subtracting fat mass and bone mass from the total
body weight (kg). Furthermore, trunk muscle mass (kg) was calculated by subtracting the
ASM (kg) from the muscle mass of the whole body (kg).
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Applied for the Shiraniwa study voluntarily

458

Not met the inclusion criteria of the Shiraniwa study
« Age<65

+ unable to walk,

« Not willing to participate for 5 years survey

49

Total number of the participantsin the Shiraniwa study

409

« Participants who could not undergo MRI

or
« Participants who had metal implants in their trunk

29

Finally enrolled in the analysis

380

Figure 1. Flowchart of the included and excluded participants. A total of 380 participants were enrolled for this analysis.

2.3.2. Quantitative Evaluation of Trunk Muscle on MRI

In this study, MRI evaluations were performed using the Achieva 3.0 Quasar (Konin-
klijke Philips N.V., Amsterdam, Netherlands). A T2-weighted axial image (TR = 7670,
TE =90, FOV = 170 x 170 mm, slice = 5 mm) was used to measure the CSA of PVM,
including ES, MF, and PV, at the L3/4 level, using the “pencil tool” from the 32-bit OsiriX
software (version 3.8.1, Pixmeo, Geneva, Switzerland). The CSA including infiltrated fat
was measured and determined, and then the intramuscular fat based on regions of interest
(ROIs) with intensity changes was differentiated. The fat-free CSA for each PVM was then
calculated as the difference between these two values [22].

2.3.3. Functional Evaluation of Trunk Muscles

The BMS of each participant was determined by measuring the maximal isometric
strength of the trunk muscles in a standing position with 30° of lumbar flexion using a
digital BMS meter (T.K.K.5402, TAKEI, Niigata, Japan) [10,11]. After performing warm-up
exercises called “radio calisthenics”, the participants underwent the BMS measurement
twice. The average force from two trials was recorded. As the minimum measurable
value of the digital BMS meter is 20 kg, in case the participant’s BMS was too weak to be
measured, it was not recorded and was excluded from the analysis of BMS.

2.4. Statistical Analysis

We investigated the correlation between TMM-BIA and the CSA of PVM and fat-free
CSA of PVM using Spearman’s rank correlation coefficient. The relationship between
TMM-BIA and the CSA of each individual PVM (ES, MF, and PM) was also evaluated.
Additionally, we examined the association between TMM-BIA and BMS. Patient demo-
graphics were compared using Student’s t-tests. All statistical analyses were performed
using Statistical Package for the Social Sciences (SPSS Inc., version 19.0, Chicago, IL, USA).
Correlation strengths were categorized as very weak (<0.20), weak (0.20-0.39), moder-
ate (0.40-0.59), strong (0.60-0.79), or very strong (>0.80). Statistical significance was
setat p < 0.05.
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3. Results

Data from 380 participants in the Shiraniwa study (152 males, 228 females; mean
age, 73.4 years) who underwent TMM-BIA, lumbar MRI, and BMS measurements were
analyzed in this study. The participants’ characteristics are summarized in Table 1.

Table 1. Characteristics of the participants of the Shiraniwa study.

Total Male Female p-Value
Number of participants 380 152 228
Age, years. 73.4 (5.3) 73.7 (5.2) 73.3 (5.5) 0.81
Height, cm 156.4 (9.1) 164.9 (5.9) 150.8 (6.0) <0.01
Weight, kg 56.5 (10.6) 63.7 (8.7) 51.8 (8.9) <0.01
BMI, kg /m> 23.0 (3.3) 234 (2.8) 227 (3.6) 0.04
Back muscle strength, kg 60.0 (29.2) 84.2 (26.3) 47.3 (15.0) <0.01
Number of participants whose BMS was 20 1 19 <0.01
too weak to be recorded (5.3%) (0.7%) (8.3%) :
TMM-BIA, kg 21.95 (3.87) 25.94 (2.55) 19.28 (1.72) <0.01
CSA of PVM, cm?
(Total) 54.54 (11.56) 63.34 (9.40) 46.97 (7.52) <0.01
CSA of Fat-free PVM, cm?
(excluding intramuscular fat) 44.70 (11.95) 55.70 (9.15) 37.36 (6.89) <0.01
Fat-free percentage of PVM, % 83.0 (9.2) 87.9 (64) 79.7 (9.3) <0.01

(excluding intramuscular fat/Total)

Data are presented as mean (standard deviation). BMI, body mass index; TMM-BIA, trunk muscle mass measured by bioelectrical
impedance analysis; CSA, cross-sectional area; PVM, paravertebral muscles. Student’s f-test was used to compare groups.

A significant and strong correlation was found between TMM-BIA and the CSA of
PVM (r = 0.746, p < 0.01) (Figure 2), and between TMM-BIA and the fat-free CSA of PVM
(r =0.807; p < 0.01) (Figure 3). Similarly, TMM-BIA was significantly correlated with the
CSA of each individual PVM (Figure 4). The CSA of PM was strongly correlated with
the TMM-BIA (fat included, r = 0.752, p < 0.01; fat-free, r = 0.766, p < 0.01), whereas the
CSA of MF, the smallest muscle of the PVM, was moderately correlated with TMM-BIA
(fat included, r = 0.439, p < 0.01; fat-free, r = 0.571, p < 0.01). In addition, the CSA of
ES was moderately correlated with TMM-BIA (fat included, r = 0.554, p < 0.01; fat-free,
r=0.658, p < 0.01) (Table 2). TMM-BIA and BMS were strongly correlated (r = 0.726,
p < 0.001), although the strength of some participants could not be measured due to back

pain (Figure 5).
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Figure 2. Correlation between TMM-BIA and the CSA of PVM. There was a significant correlation
between TMM-BIA and the CSA of PVM with r = 0.746. TMM-BIA, trunk muscle mass measured by
bioelectrical impedance analysis; CSA, cross-sectional area; PVM, paravertebral muscles.
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Figure 3. Correlation between TMM-BIA and the CSA of PVM without intramuscular fat. There was
a significant correlation between TMM-BIA and the CSA of fat-free PVM with r = 0.807. TMM-BIA,
trunk muscle mass measured by bioelectrical impedance analysis; CSA, cross-sectional area; PVM,
paravertebral muscles.
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Figure 4. Correlations between TMM-BIA and the CSA of each individual PVM (upper row, total; lower row, excluding
intramuscular fat). The CSA of the PM showed a strong correlation with the TMM-BIA (total, r = 0.752; fat-free, r = 0.766),
whereas the CSA of MF, the smallest muscle of the PVM, showed a moderate correlation (total, r = 0.439; fat-free, r = 0.571).
In addition, the CSA of ES had a moderate to strong correlation to the TMM-BIA (total, r = 0.554; fat-free, r = 0.658),
respectively. TMM-BIA, trunk muscle mass measured by bioelectrical impedance analysis; CSA, cross-sectional area;
PVM, paravertebral muscle; ES, erector spinae; MF, multifidus; PM, psoas major.
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Table 2. Correlations between TMM-BIA and each PVM with and without intramuscular fat.

CSA, cm? R with TMM-BIA p-Value
ES 28.26 (6.36) 0.554 <0.01
ES (excluding intramuscular fat) 23.25 (6.22) 0.658 <0.01
MF 8.93 (2.40) 0.439 <0.01
MEF (excluding intramuscular fat) 6.27 (2.48) 0.571 <0.01
PM 16.29 (5.38) 0.752 <0.01
PM (excluding intramuscular fat) 15.17 (5.39) 0.766 <0.01
Total PVM 54.54 (11.56) 0.746 <0.01
Total PVM (excluding intramuscular fat) 44.70 (11.95) 0.807 <0.01

Data are presented as mean (standard deviation). TMM-BIA, trunk muscle mass measured by bioelectrical
impedance analysis; CSA, cross-sectional area; PVM, paravertebral muscles; R, correlation coefficient; ES, erector
spinae; MF, multifidus; PM, psoas major.
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Figure 5. Correlation between TMM-BIA and back muscle strength. There was a strong correlation
of r = 0.726, even though some of the participants exhibited minimum strength because of pain.
TMM-BIA, trunk muscle mass measured by bioelectrical impedance analysis.

3.1. Case Presentation
3.1.1. Case 1

A 67-year-old male with a history of hepatitis and diabetes mellitus had a high
TMM-BIA of 31.5 kg. The CSA of PVM on the MRI was 75.4 cm? (fat included) and
68.04 cm? (fat-free) (Figure 6). He reported his low back pain as 0 mm on a visual analog
scale. His back muscle strength was 85.5 kg.

3.1.2. Case 2

A 70-year-old female with a history of diabetes mellitus and osteoporosis had a low
TMM-BIA volume of 14.2 kg. MRI showed severe muscular atrophy and fatty degeneration
in her PVM (Figure 7). The CSA was 36.59 cm? (fat included) and 20.02 cm? (fat-free). She
reported severe low back pain as 76 mm on a visual analog scale. Her back muscle strength
was too weak to be recorded (less than 20 kg).
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Figure 6. Case presentation 1. A 67-year-old male with no symptoms of low back pain had a CSA
of PVM and fat-free PVM of 75.4 and 68.04 cm?, respectively. The fat-free percentage of PVM was
90.2%. CSA, cross-sectional area; PVM, paravertebral muscles.

Figure 7. Case presentation 2. A 70-year-old female with severe low back pain. The patient’s
CSA of PVM and fat-free PVM was 36.59 and 20.02 cm?, respectively. The fat-free percentage of
PVM was 54.7%. TMM-BIA, trunk muscle mass measured by bioelectrical impedance analysis;
CSA, cross-sectional area; PVM, paravertebral muscles.

4. Discussion

The clinical importance of TMM-BIA was first reported by Hori et al. [12]. They
conducted a multicenter, cross-sectional study of 1738 patients (mean age, 70.2 £ 11.0 years;
781 males and 957 females) and found that TMM-BIA was significantly associated with
various spinal pathologies, including low back pain, quality of life related to low back
pain, and spinal sagittal imbalance, indicating that TMM-BIA is a useful indicator for
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understanding the pathology of the spine in clinical settings. However, only one study [19]
has investigated the association between TMM-BIA and other pre-existing assessment
methods for trunk muscles; therefore, the accuracy of TMM-BIA has yet to be validated.

The present study is the first validation study of TMM-BIA, and the results of this
study indicate a strong correlation between TMM-BIA and the CSA of PVM. Furthermore,
we clarified that TMM-BIA is more strongly correlated with the CSA of PVM, excluding
fat infiltration, than the total PVM. Our results suggest that TMM-BIA is a valid index of
trunk muscle mass.

The CSA of PVM and fat infiltration of the PVM measured via MRI or CT has
been widely used for quantitative evaluation of the trunk muscles. Many studies have
sought to investigate the association between the CSA, or fat infiltration, and spinal
pathologies [2,23,24]. Takahashi et al. [24] reported that a decrease in PVM in patients
with osteoporotic vertebral fractures was significantly related to low back pain and de-
layed union after fracture onset. Kjaer et al. determined that fat infiltration of the MF
was associated with low back pain in adults [25]. Sasaki et al. [26] found that the fatty
infiltration ratio of the ES in the upper lumbar spine was significantly associated with low
back pain. However, the widespread use of MRI or CT for the evaluation of trunk muscle
mass is impractical, as it is time-consuming and expensive, and CT exposes patients to
radiation. In contrast, TMM-BIA is a straightforward, non-invasive, and reliable method
for large-scale measurements.

Functional assessment of the trunk muscles was performed via BMS. Several studies
have reported that BMS may be a useful index for spinal pathology and function, such as
spinal sagittal alignment [27], thoracic kyphosis [28], and range of motion of the spine [29].
Despite its clinical importance, the measurement of BMS is difficult in patients with
low back pain, and has the potential risk of vertebral fracture in patients with severe
osteoporosis [30]. We found a strong correlation between TMM-BIA and BMS using a
relatively large sample size, which indicates that TMM-BIA is an accurate tool for the
functional assessment of trunk muscles without any risk of adverse effects.

Our study had several limitations. First, TMM-BIA includes the total volume of
all trunk muscles (not only PVM); however, we could only measure the CSA of PVM.
Therefore, other trunk muscles were not evaluated using TMM-BIA in this study. Second,
in this study, we measured trunk muscle mass using only one type of BIA device. It has
been reported that the ASM varies depending on the type and manufacturer of the BIA
device [31]. Therefore, trunk muscle masses may differ when another BIA device is used.
A conversion formula that shows the same ASM across BIA devices has been reported [32].
Future studies to develop a similar conversion formula for trunk muscle mass are needed.
Third, we did not analyze the influence of sex or age in this study. There were significant
differences in CSA, BMS, and TMM-BIA between male and female study participants
(Table 1). As the purpose of this study was first to verify whether TMM-BIA correlates
with the quantitative and functional assessments traditionally used for trunk muscles, an
examination of the influence of sex or age on the relationship of TMM-BIA and the CSA of
PVM will be the subject of our next research work. Last, this study was a cross-sectional
analysis of the relationship between TMM-BIA and the CSA of PVM using data collected
on the same day. Therefore, the relationship between changes in TMM-BIA and those in
the CSA of PVM was not studied. Future studies should focus on analyzing the changes in
these parameters via a longitudinal study design.

5. Conclusions

TMM-BIA is strongly correlated with the CSA of PVM, especially the fat-free CSA, as
measured with MRI. Additionally, TMM-BIA is correlated with BMS. As CSA and BMS are
gold standards for quantitative and functional assessments of trunk muscles, TMM-BIA
can be considered a new method to measure these parameters. Our findings highlight the
significance of TMM-BIA as a reliable, cost-effective, and efficient tool for the assessment
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of trunk muscles. Given its simplicity and reliability, BIA may be an alternative method for
evaluating trunk muscles in clinical settings.
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Abstract: Osteoporosis may increase fracture risk and reduce healthy quality of life in older adults.
This study aimed to identify an assessment method using physical performance tests to screen for
osteoporosis in community dwelling individuals. A total of 168 women aged 50-89 years without
diagnosed osteoporosis were randomly selected from the resident registry of a cooperating town for
the evaluation of physical characteristics, muscle strength, and several physical performance tests.
The most effective combinations of evaluation items to detect osteoporosis (i.e., T-score < —2.5 at the
spine or hip) were selected by multivariate analysis and cutoff values were determined by likelihood
ratio matrices. Thirty-six women (21.4%) were classified as having osteoporosis. By analyzing
combinations of two-step test (TST) score and body mass index (BMI), osteoporosis could be reliably
suspected in individuals with TST < 1.30 and BMI < 23.4, TST < 1.32 and BMI < 22.4, TST < 1.34
and BMI < 21.6, or TST < 1.24 and any BMI. Setting cut-off values for TST in combination with
BMI represents an easy and possibly effective screening tool for osteoporosis detection in resident
health exams.

Keywords: epidemiological study; osteoporosis; osteopenia; locomotive syndrome; two-step test; frailty

1. Introduction

Osteoporosis is a disorder characterized by a diminution of bone mass and elevated
fracture risk [1]. Fractures not only reduce mobility, living function, and quality of life, but
also increase mortality and are directly related to life expectancy [2,3]. As the prevalence
of older adults in Japan reached 28.1% in 2018 [4], early osteoporosis detection and pre-
vention are important issues in terms of increasing healthy life expectancy and reducing
medical costs [5].

Bone mass measurement is considered essential for precisely diagnosing osteoporo-
sis [1]. However, it is difficult to detect bone loss at an early stage due to a lack of subjective
symptoms. In their epidemiological study of healthy community members, Lo et al. wit-
nessed that 25.7% of postmenopausal women had untreated osteoporosis [6]. If screening
tests can be conducted for community dwelling residents simply and without expensive
devices, the number of latent osteoporosis patients may become efficiently reduced by
appropriate consultation and management.

Currently, several other simple tools have been established to test for osteoporosis
(Female Osteoporosis Self-Assessment Tool for Asia; FOSTA) [7] and the risk of fractures
caused by osteoporosis (Fracture Risk Assessment Tool; FRAX) [8].

The present study focused on physical performance as a possible index to easily under-
stand the risk of osteoporosis since previous reports found levels of physical performance
and daily activity to be related to bone mineral density (BMD). For instance, Miyakoshi de-
scribed that women with sarcopenia associated with muscle aging had significantly higher
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rates of complicating osteoporosis than those who did not [9], and Chan et al. reported
that BMD in healthy adolescents had a high correlation with grip strength [10]. Indeed, the
relationship between muscle and bone has attracted considerable attention, the mechanism
of which is being gradually elucidated [11-13].

Several reports have investigated the relationship between physical performance
and osteoporosis in the general population [14-18]. However, it remains uncertain which
simple physical performance tests better reflect BMD and can be used for osteoporosis
screening. Moreover, none have provided reference values for osteoporosis risk for such
test items.

For several years, we have been conducting the “Obuse study”, an epidemiology
study on locomotor function in older community dwelling people that employs random
sampling from the resident registry of a cooperating local government. The purpose of the
present investigation is to establish a screening tool for identifying individuals in need of
BMD measurement referral during simple physical health examinations.

2. Materials and Methods
2.1. Participants

The participants in this study were community dwelling women aged 50-89 years
who had not been diagnosed as having postmenopausal osteoporosis. As described in a
previous report [19], we randomly recruited participants from a local population between
October 2014 and June 2017 to build a cohort for an epidemiology study on locomotor
function termed the Obuse study. Briefly, we randomly selected men and women from
among 11,326 citizens aged 50-89 years who were registered in a cooperating town office
and asked them to participate in this study. Requests were made until the number of
consenting participants reached approximately 50 for each age group and gender (8 groups:
50s,60s, 70 s, and 80 s of male and female). The final Obuse study cohort contained
415 participants (212 women and 203 men). The participation rate was 32.0%. Of the
212 women, 168 were included in this study after excluding those taking osteoporosis
drugs (28 women), receiving hormonal therapy (7 women), premenopausal (6 women),
or unable to perform all of the physical performance tests (3 women) (Figure 1).

Citizens in their 50’s to 80's
N = 11326

Approached (randomized)
N = 1297

Non-participants
2

Participants
N = 415

Male participants
3

— Exclusion criteria
Female participants Osteoporosis drugs N = 28
N =212 Hormonal therapy N = 7
Premenopausal N = 6
Participants unable to perform physical
performance tests N = 3
Total N = 44
Assessment
N = 168

Figure 1. Participant selection flowchart.

All participants were surveyed after obtaining written consent based on the Helsinki
declaration. This study was conducted after review by our ethics committee (approval
number: 2729). The authors declare no conflict of interest of interest.
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2.2. Osteoporosis Diagnosis

L2-L4 spine (L2-4), bilateral total hip, and bilateral femoral neck BMD were mea-
sured using dual-energy X-ray absorptiometry (Prodigy; GE Healthcare, Chicago, IL,
USA). The T-scores for each site were calculated based on the manufacturer-provided
reference [20]. The smallest T-score was treated as the representative value among the
5 measurement sites. Based on WHO diagnostic criteria, T-score > —1 was classified as
healthy, —2.5 < T-score < —1 was classified as osteopenia, and T-score < —2.5 was judged as
osteoporosis [1]. FRAX scores were also calculated using patient information and T-scores.

2.3. Physical Performance Tests

We measured grip strength, knee extension muscle strength, and one-leg standing time
with eyes open. As diagnostic criteria for the recently established locomotive syndrome,
two-step test (TST), stand-up test, and Locomo25 scores were evaluated as well [21]. Grip
strength in kilograms was determined using a Jamar Hydraulic Hand Dynamometer
(Performance Health, Chicago, IL, USA) to obtain the mean values for each side. Knee
extension strength was measured with the Leg Extension/Curl Rehab 5530 (HUR, Kokkola,
Finland), with measurements taken for both lower limbs, averaged, and divided by body
weight (% weight). One-leg standing time was assessed once for each side, with an upper
limit of 60 s. The average value of the left and right sides (seconds) was used.

The TST, stand-up test, and Locomo25 are evaluation items for locomotive syndrome
proposed by the Japanese Orthopaedic Association. The TST is performed by taking
2 maximum-stride steps and calculating the distance (centimeters) divided by body height
(centimeters) [21]. The stand-up test consists of standing up from a sitting position. Partic-
ipants progressively rise from boxes of 40, 30, 20, and 10 cm in height with both legs or
one leg. The tasks were performed in the following order, from easiest to most difficult:
both legs 40 cm—30 cm—20 cm—10 cm—one leg 40 cm—30 cm—20 cm—10 cm. The
most difficult task completed was used as the subject’s evaluation value. A score of 1 point
was allotted for the first task, with 1 additional point given for each subsequent task [21].
Locomo?25 is a questionnaire survey consisting of 25 items about pain and difficulties in
daily life during the previous month. Each item is graded from 0 to 4 points for a total score
of 100 points. A higher score indicates less activity [21]. The questionnaires were mailed to
each participant’s home before the screening and collected at the screening venue.

2.4. Statistical Analysis

Based on T-score, participants were classified as having healthy BMD, osteopenia,
or osteoporosis. Fracture probabilities after 10 years were estimated based on the FRAX
computer-based algorithm [8]. The clinical factors of FRAX included age, gender, height,
weight, prior fragility fracture, parental history of hip fracture, current smoking habit,
glucocorticoid use, rheumatoid arthritis, other causes of secondary osteoporosis, alcohol
consumption of 3 units or more per day, and total hip T-score. Next, associations between
each physical performance test and T-scores were evaluated by Spearman’s correlation
coefficient. Univariate logistic regression analysis was employed to detect physical perfor-
mance tests related to low BMD. The objective variable was the presence of osteoporosis
(i.e., T-score < —2.5), and the explanatory variables were each physical performance test.
Next, stepwise logistic regression analysis was performed using the explanatory variable
items whose p-value was < 0.2 in univariate analysis. This analysis method was chosen
to identify factors that were useful for simple screening by clinicians. The best model se-
lected was evaluated by receiver operating characteristic (ROC) curve analysis. If the area
under the ROC curve was > 0.7, the combination of exams was considered appropriate for
osteoporosis screening. Afterwards, matrices of positive/negative likelihood ratios were
constructed for combinations of osteoporosis detection items, whereby a positive likelihood
ratio of > 5.0 was considered useful for a suspected diagnosis and a negative likelihood
ratio of < 0.2 was judged as useful for an exclusion diagnosis. Likelihood ratios between
0.2 and 5.0 were interpreted as having no screening value. We used R software version 3.6.1
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(The R Foundation for Statistical Computing, Vienna, Austria) and EZR Version 2.4-0 [22]
for statistical analyses. p-values of < 0.05 were considered statistically significant.

3. Results
3.1. Baseline Data and Osteoporosis Prevalence

Table 1 shows the baseline characteristics of the participants in this study. The mean
=+ standard deviation age of the cohort was 68.2 + 10.6 (range: 51-88) years. Height and
weight decreased with age, while BMI increased. L2-4 BMD dropped remarkably from the
60 s, and femoral neck BMD was notably low in the 80 s. Table 2 presents the prevalence of
osteoporosis by age group. Of the 168 participants, 46 (27.4%) had healthy BMD, 86 (51.2%)
had osteopenia, and 36 (21.4%) had osteoporosis. According to FRAX, the incidence of
osteoporosis after 10 years by FRAX and the risk of fractures due to falls both increased
with age.

Table 1. Baseline characteristics of study subjects.

Femoral

Age Stratum N Height Weight BMI L2-4 Neck Total Hip

(Years) (cm) (kg) (kg/m?) T-Score T-Score
T-Score

50-59 42 158.1 £ 5.1 55.0 4+ 8.8 220439 —02+£15 —-09+0.9 —06£1.1

60-69 58 153.0 £ 5.1 524476 224428 —-08+15 -13+£09 —-1.0£09

70-79 39 150.3 £5.5 51.6 & 7.6 228+ 3.1 —09+16 -1.6+£0.9 -1.1£1.0

80-89 29 1454 £ 5.8 504 £7.6 238 +3.1 —07+1.8 —-2.0+0.7 -1.9+08

Total 168 1523 + 6.8 523 £8.0 226+32 —0.6+1.6 —-14+09 -1.1+1.0

Note: Values are presented as the mean = standard deviation. Abbreviation: BMI, body mass index.

Table 2. Prevalence of osteoporosis and osteopenia and 10 year probability of fractures calculated by FRAX.

FRAX

Age Stratum Normal Osteopenia Osteoporosis Major . FRAX +
(Years) - Hip Fracture
Osteoporotic

50-59 22 (52.3%) 16 (38.0%) 4(9.5%) 43+14 05+0.7
60-69 13 (22.4%) 34 (58.6%) 11 (19.0%) 6.9+17 09+0.7
70-79 9 (23.0%) 19 (48.7%) 11 (28.2%) 94437 22421
80-89 2 (6.9%) 17 (58.6%) 10 (34.5%) 147 £4.0 58429
Total 46 (27.4%) 86 (51.2%) 36 (21.4%) 8.2+ 44 19+£25

Notes: Values are presented as the number (prevalence). T The 10 year probability of fracture (%) is expressed as the mean + standard deviation.

3.2. Physical Performance Test Results and Correlations with BMD

Physical performance diminished with age, especially in women aged 70 years and
above (Table 3). L2-4 T-score had a significant but weak positive correlation with grip
strength (Table 4). Femoral neck BMD was significantly correlated with all physical
performance tests apart from the stand-up test. Total hip BMD was significantly correlated
with all physical performance tests. Both types of femoral BMD exhibited moderate positive
correlations with grip strength and TST, while displaying moderate negative associations
with age.

Table 3. Results of physical performance tests by age stratum.

Age Stratum Grip Strength Exﬁl::on Sotgre\;l];relg Two-Step Test ~ Stand-Up Test Locomo25
(Years) (kg) 0 YAt 8 (No Unit) (Points) (Points)
(%Weight) (Sec)
50-59 25.1+47 1.37 £ 0.36 476 £ 158 1.54 +0.13 44+09 50446
60-69 21.8 £37 1.22+0.36 442 +16.7 1.45+0.14 44+08 44446
70-79 20.7 £4.2 0.94 £0.34 246+ 156 1.36 +0.19 35+1.0 9.9+10.2
80-89 169 £3.9 0.73 £0.36 91+9.1 1.05+0.25 3.0+1.0 204 +153
Total 21.5+£49 1.10+0.42 34.4 £209 1.38 +0.24 40+11 8.6 +10.4

Note: Values are presented as the mean = standard deviation.
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Table 4. Correlations between bone mineral density and physical performance.

Femoral Neck

L2-4 T-Score Total Hip T-Score

T-Score

rho p-Value rho p-Value rho p-Value

Grip strength 0.24 <0.01* 0.38 <0.01* 0.37 <0.01*
Knee extension 0.03 0.73 0.25 <0.01* 0.23 <0.01*
One-leg standing 0.02 0.81 0.31 <0.01* 0.25 <0.01*
Two-step test 0.01 0.92 0.39 <0.01 * 0.43 <0.01*%
Stand-up test —0.11 0.17 0.12 0.10 0.17 0.02*
Locomo25 0.10 0.18 —0.19 0.01* —0.22 <0.01*
Age —0.10 0.17 —0.40 <0.01* —0.41 <0.01*

BMI 0.19 0.01* 0.11 0.17 0.17 0.02*

Notes: Values represent Spearman’s rho (correlation coefficient). * p < 0.05. Abbreviation: BMI, body mass index.

3.3. Physical Performance Tests Associated with Osteoporosis

Age, BMI, grip strength, one-leg standing, and TST were significantly related factors
to osteoporosis in univariate analysis (Table 5). Multivariate analysis revealed significant
associations for BMI and TST with osteoporosis (both p < 0.01).

Table 5. Physical performance tests related to osteoporosis.

Candid Univariate Analysis Multivariate Analysis
andidate Odds Ratio p-Value Odds Ratio p-Value
Grip strength (—1 kg) 1.09 (1.01-1.19) 0.03*
Knee extension
(~1%weight) 1.31 (0.53-3.18) 0.55
One-leg standing (—1 sec) 1.02 (1.01-1.04) 0.01*
N 315 .
Two-step test (—1) 10.4 (2.30-46.7) <0.01 (5.29-188.0) <0.01
Stand-up test (—1 point) 1.12 (0.79-1.59) 0.50
Locomo25 (+1 point) 1.02 (0.98-1.05) 0.21
Age (+1 year) 1.06 (1.02-1.10) <0.01*
1.3
_ 2 _ * %
BMI (-1 kg/m*) 1.18 (1.02-1.34) 0.01 (1.11-1.53) <0.01

Notes: Values are presented as the odds ratio (95% confidence interval). * p < 0.05. Abbreviation: BMI, body
mass index.

3.4. Osteoporosis Screening by Physical Performance Tests

Screening for osteoporosis using the combination of BMI and TST was judged as valid
by ROC analysis, with an area under the curve of 0.73 (95% confidence interval 0.64-0.82)
(Figure 2). Table 6 displays a positive likelihood ratio matrix with incremental values of BMI
and TST. For cases of TST < 1.30 and BMI < 23.4, TST < 1.32 and BMI < 22.4, TST < 1.34
and BMI < 21.6, or TST < 1.24 and any BMI, the positive likelihood ratio exceeded 5.0 and
osteoporosis could therefore be suspected. On the other hand, no negative likelihood ratios
of < 0.2 were detected (Table 7).
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Figure 2. Receiver operating characteristic curve for detecting osteoporosis with the combination of
body mass index and two-step test.

Table 6. Calculations of positive likelihood ratios for combinations of body mass index and two-

step test.

BMU/TST 1.24 1.26 1.28 13 1.32 1.34 1.36 1.38
Score
21.0 22.0 7.3 8.6 7.3 7.3 6.1 5.8 4.5
21.6 12.8 6.4 7.3 6.6 6.7 5.8 55 44
22.2 9.8 59 5.5 5.2 515) 44 4.0 3.7
22.4 11.0 6.6 6.1 5.8 5.3 43 3.7 3.4
23.0 9.2 6.1 5.8 555) 4.3 34 3.1 2.9
23.4 10.1 6.7 6.3 6.0 4.6 37 3.1 3.0
23.8 5.0 4.0 4.0 4.0 3.4 2.8 24 24
24.0 5.0 4.0 4.0 4.0 34 2.8 24 24

Notes: Leftmost column shows BMI values and top row shows two-step test scores. Values represent positive
likelihood ratios. Shaded values indicate ratio > 5.0. Abbreviations: BMI, body mass index; TST, two-step test.

Table 7. Calculations of negative likelihood ratios for combinations of body mass index and two-

step test.

BMI/TST 1.24 1.26 1.28 1.3 1.32 1.34 1.36 1.38
Score
21.0 0.8 0.7 0.7 0.7 0.8 0.8 0.7 0.7
21.6 0.7 0.7 0.7 0.7 0.7 0.8 0.7 0.6
22.2 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.6
224 0.7 0.7 0.7 0.7 0.7 0.7 0.6 0.5
23.0 0.7 0.7 0.7 0.7 0.7 0.6 0.6 0.5
234 0.7 0.6 0.6 0.6 0.7 0.6 0.6 0.5
23.8 0.7 0.7 0.7 0.7 0.7 0.6 0.6 0.5
24.0 0.7 0.7 0.7 0.7 0.7 0.6 0.6 0.5

Notes: Leftmost column shows BMI values and top row shows two-step test scores. Values represent negative
likelihood ratios. Abbreviations: BMI, body mass index; TST, two-step test.
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4. Discussion

According to the results of this study of postmenopausal women aged 50-89 years
not treated for bone loss, 21.4% had latent osteoporosis and 51.2% had osteopenia. After
adjustment for the age distribution in Japan, the rates of osteopenia and osteoporosis were
estimated as 50.5% and 21.9%, respectively. L2-4 BMD correlated significantly with grip
strength, while total femur and femoral neck BMD correlated with almost all physical
performance tests. The combination of BMI and TST appeared useful to identify possible
osteoporosis; this condition may be suspected for TST < 1.30 and BMI < 23.4, TST < 1.32
and BMI < 22.4, TST < 1.34 and BMI < 21.6, or TST < 1.24 regardless of BML

We observed that aging affected not only BMD, but also physical performance.
Each physical performance test result decreased with age, with marked declines from
the age of 70 years. Many studies have described the relationship between muscle and
bone [9,10,16,18]. Furthermore, Tachiki et al. [23] reported that maximal muscle strength
related to BMD more strongly than did muscle mass because it was an index includ-
ing stimulation of bone. Similarly in this study, the correlations between many physical
performance tests and BMD were considered the result of interactions involving muscle
and bone.

Interestingly, TST and Locomo25, which have been used to diagnose locomotive
syndrome, showed significant associations with femoral BMD. Locomotive syndrome is a
concept defined as a decrease in movement capabilities as proposed by the Japanese Or-
thopaedic Association [21]. One cause of locomotive syndrome is osteoporosis. No reports
have shown a significant association between locomotive syndrome diagnosis and BMD to
date. However, lower limb function was found to significantly correlate with locomotion
ability, and the amount of activity in daily life was related to BMD [24-26]. The present
study also supports a relationship between locomotive syndrome and osteoporosis.

Lastly, TST appeared useful as a screening tool for osteoporosis. TST is an examination
in which the subject takes two steps at maximum width without losing balance. Earlier
studies revealed that TST correlated significantly with such lower limb functions as 6 min
walking distance and maximum 10 m walking speed [27] as well as with the ability to
perform activities of daily living [28]. Ashe et al. [29] also described that muscle power
correlated more strongly with bone density than did maximum muscle tension or muscle
mass. Our results suggest that TST may be an indicator of osteoporosis since it can reflect
lower limb power more directly than can maximum knee extensor strength or balance
of standing on one leg. The influence of TST increased considerably after multivariate
analysis, such that the effect of age might have been absorbed. It was also relevant
that the cohort’s age range was 50-89 years and did not include young adults with less
frequent osteoporosis.

We witnessed that the combination of BMI and TST provided a clinically effective
combination of values for osteoporosis screening. Based on the findings in Table 6, there
was no single combination of note. However, BMI was a unique value for each partic-
ipant, with only 1 TST threshold for each participant. TST and BMI can be easily and
inexpensively tested anywhere. Using them, it may be possible to encourage residents
to undergo osteoporosis testing before symptom onset. On the other hand, no clinically
effective negative likelihood ratios were detected in the cohort, indicating that the possibil-
ity of osteoporosis in postmenopausal women cannot be excluded by any particular body
function test. In the osteoporosis high-risk group with a FOSTA score of less than —4, the
positive likelihood ratio was 2.2 and the negative likelihood ratio was 0.5, indicating an
inadequacy in detecting osteoporosis.

This study had several limitations. First, there was a deviation in participant selection.
Random sampling from a resident registry was presumed as an effective way to construct
a study population that faithfully reproduced the target cohort. However, the process of
passive participation may have contributed to a high non-participation rate and incomplete
removal of extraction bias. Nonetheless, our passive participation method that randomly
selected subjects from the general population could create a study group that was more

27



J. Clin. Med. 2021, 10, 1896

References

reflective of the actual conditions of community dwelling residents than could an active
participation method, by which volunteers were recruited. Another limitation was the
existence of regional characteristics. As the local government in our study was located
in a suburban area in Japan, which likely differed from the environment of urban areas,
our target population might not be qualitatively representative of the general Japanese
population and the cut-off range for detecting osteoporosis could be slightly wider. Such
regional differences may become more pronounced when race is taken into consideration.
The physical characteristics of the cohort could also have limited the study. The small
number of patients with very low BMI might have influenced the results; thus, if BMI is
higher than 21, it should be assessed in combination with TST for osteoporosis screening.
Furthermore, smoking was excluded from the list of factors associated with osteoporosis
because few participants smoked. Lastly, this was a small study due to human resource
and financial constraints. Larger scale, multiregional surveys are needed.

5. Conclusions

In conclusion, in post-menopausal women aged 50-89 years without a diagnosis
of osteoporosis, an estimated 21.4% had osteoporosis and 51.2% had osteopenia. More
precise BMD measurements are recommended in individuals exhibiting TST < 1.30 and
BMI < 23.4, TST < 1.32 and BMI < 22.4, TST < 1.34 and BMI < 21.6, or TST < 1.24 and
any BMI in general health exams towards improving healthy life expectancy in community
dwelling older adults.
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Abstract: Background: Few studies have investigated associations between hand grip strength (HGS)
and the surgical outcomes of degenerative cervical myelopathy (DCM). Methods: This study was
designed as a prospective observational study of 203 patients who had undergone fusion surgery for
DCM. We divided the patients according to sex and HGS differences. Clinical outcome parameters,
including HGS, a fall diary and four functional mobility tests (alternative step test, six--meter walk
test, timed up and go test, and sit-to-stand test) were measured preoperatively, at 3 months and
1 year after surgery. Results: Mean patient ages were 59.93 years in the male group and 67.33 years in
the female group (p = 0.000; independent t-test). The mean HGS of both hands improved significantly
at postoperative 3 months and 1 year in all patients (p = 0.000 for both; ANOVA). In male patients,
preoperative risk of falls was negatively correlated with HGS (p = 0.000). In female patients, pre-
and postoperative risk of falls were correlated negatively with HGS (p = 0.000). The postoperative
incidence of falls decreased in both groups (p = 0.000) Conclusions: Postoperative HGS in patients
with DCM is correlated with postoperative falls and functional outcome differently, when comparing
male and female patients, for predicting favorable outcomes and neurologic deficit recovery after
surgery in DCM patients.

Keywords: cervical myelopathy; hand grip strength; falls; postoperative

1. Introduction

Patients with spinal stenosis, either cervical and/or lumbar, are at an increased risk
of falling [1,2]. Surgical treatment for both cervical and lumbar stenosis have been shown
to decrease the risk of falling by improving physical performance, including walking and
balancing [1-5]. There are many reported studies on prevalence, results of conservative or
surgical treatment, gait patterns, hand dexterity—functional impairment and predictors of
degenerative cervical myelopathy (DCM) [6-18]. A recent study reported that hand grip
strength (HGS) might be a useful surrogate marker with which to predict the risk of falls
and clinical outcomes in patients with lumbar stenosis [19].

Compared to lumbar stenosis, patients with DCM could have higher correlation
between increased risk of falling and weakened HGS [20-24]. We also suspected that any
observed correlations would differ according to sex. Our objectives in this investigation
were to assess correlations for HGS with postoperative changes in the risk of falling and
QoL in patients with DCM, separately for both men and women.

2. Materials and Methods
2.1. Subjects

This study was approved by the Institutional Review Board of the authors’ hospital
(IRB No. 4-2020-1162). From March 2017 to August 2019, 203 patients who had undergone
cervical spine surgery, including decompression and fusion procedure(s), for the treatment
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of DCM were included prospectively. All included patients had completed postoperative
follow up for 1 year. All of the patients exhibited myelopathic symptoms, including clum-
siness of the hand, poor hand coordination (e.g., difficulty with handwriting and using
chopsticks), and walking difficulty, and had been recommended for surgical intervention
by the management guidelines of DCM [25].

The exclusion criteria were as follows: comorbidity impairing physical function
(e.g., history of cerebral infarction, cerebral palsy, Parkinson’s disease, spine surgery,
head trauma, current/old cerebrovascular events (cerebral hemorrhage and cerebral in-
farct), and other neurodegenerative conditions or severe rheumatoid arthritis); bedrid-
den status or full dependence on a wheelchair before surgery because of severe cervical
myelopathy; and difficulty completing the questionnaire because of cognitive impairment.
Furthermore, patients with severe osteo-arthropathic conditions that could cause knee and
hip joint contracture affecting whole spinal sagittal balance were also excluded from the
patient pool [26]. No patients were diagnosed with hand- or wrist-related diseases, such as
carpal tunnel syndrome and tardy ulnar nerve palsy.

The major included diagnoses were cervical stenosis with myelopathy (DCM) (135 pa-
tients), ossified posterior longitudinal ligament (44 patients), and herniated cervical disc
with myelopathy (24 patients).

Patients were treated with decompression and instrumented fusion (anterior plate-
screw system; ZEVO™ plate and screw system; Medtronic Sofamor Danek, Memphis,
TN, USA) for anterior surgery or a posterior screw-rod system (Poseidon, Medyssey,
Jecheon, Korea) for combined anterior-posterior surgery. Cervical allograft allospacers
(Cornerstone™; ASR Medtronic Sofamor Danek, Memphis, TN, USA) were utilized for
anterior fusion surgery. For posterior surgery, local autologous and demineralized bone
matrix grafts (Bongener™; CG-BIO, Seoul, Korea) were used. The surgically treated level
and other demographic data, including the presence of spinal cord signal changes on MRI
scans, are presented in Table 1.

Table 1. Demographic parameters of the enrolled patients.

All Male Female

(N = 203) (N =98) ~N=105  PValue
Age (years) 63.76 £10.56 5993 +£10.26  67.33 £ 9.56 0.000
Symptom duration (months) 37.17 +40.87 29.92 +33.22 46.73 £+ 44.98 0.000
Body mass index (kg/m?) 2430 +£3.82  23.69+245 2486+471 0.026
Waist circumference (cm) 89.43 £10.0 88.82+9.30  90.00 + 1.04 N.S
Modified frailty index 137 £1.27 1.14+1.13 1.60 + 1.36 0.010
Smoker:non-smoker * 42:161 35:63 7:98 0.000
Spinal cord signal change (+):(—) * 133:70 77:21 56:49 0.000
Operation length (fusion level) * 2.96 £ 0.93 2.85 £ 091 3.06 + 0.93
1 level 7 (3.4%) 0 7 (6.7%)
2 level 63 (31%) 42 (42.9%) 21 (20%)
3level 70 345%)  35(35.7%)  35(33.3%) 0.000
4 level 56 (27.6%) 14 (14.3%) 42 (40.0%)
5 level 7 (3.4%) 7 (7.1%) 0
Surgery type *
Anterior 91 (44.8%) 56 (57.1%) 35 (33.3%)
Posterior 2Q07%)  14(143%) 28 (26.7%) 0.002
Combined anterior-posterior 70 (34.5%) 28 (28.6%) 42 (40.0%)

Statistical analyses were performed by independent t-test and * chi-squared test.

2.2. Outcome Measures

For all enrolled patients, the Neck Disability Index (NDI, higher scores reflecting worse
functional status), Euro-QoL Visual Analog Scale (VAS, higher scores indicating better QoL),
modified Japanese Orthopedic Association (JOA) score (higher scores representing better
functional status), modified JOA grade (16~17 = Grade 0; 12~15 = Grade 1; 8~11 = Grade 2;
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0~7 = Grade 3, with higher grades reflecting worse functional status), modified frailty
index (mFi) (higher index scores indicating greater frailty), and HGS of both hands were
measured and recorded preoperatively and at 3 months and 1 year after surgery [27-31].

2.3. HGS Measurement

HGS was measured using a Jamar Plus+ hand grip dynamometer (Global Medical
Devices, Maharashtra, India). Patients were instructed to squeeze the handle as hard as
possible for 3 s, and the maximum contractile force (Ibs.) was recorded. The tests were
performed three times on both hands. The highest value of the three repeated measure-
ments was used for analysis [30]. The HGS of patients was measured preoperatively and
at 3 months and 1 year after surgery. Considering basic physical differences, the patient
groups were divided into male and female groups and compared.

2.4. Assessment of the Risk of Falling Using Four Functional Mobility Tests and an Actual
Fall Diary

To evaluate the risk of falling, four functional mobility tests were used: the alternate-
step test (AST), the six-meter-walk test (SMT), the sit-to-stand test (STS), and the timed
up and go test (TUGT). These four tests have been validated in previous studies [2].
Additionally, a fall diary was given to patients or caregivers who were encouraged to
record every fall and fall-related neurologic deficit and to report it to the clinical research
coordinator when they visited the outpatient clinic for regular follow up at 3 months and
1 year postoperatively [4].

2.5. Statistical Analysis

Basic statistical tests, independent t-test, analysis of variance (ANOVA), and chi-
squared test were used to evaluate whether the differences between the male and female
surgery groups in terms of QoL, the four functional mobility tests, and other demographic
data were statistically significant. Multiple linear regression analyses among measured
HGS, falls, signal changes of the spinal cord, NDI, EQ-VAS, fall-related functional mobility
tests, and other values were performed. All statistical analyses were performed using the
SPSS 22.0 statistics package (SPSS, Inc., Chicago, IL, USA). p values < 0.05 were considered
statistically significant.

3. Results

Mean patient ages were 59.93 years in the male group (range, 52-85 years) and
67.33 years in the female group (range, 52-86 years) (p = 0.000; independent ¢-test). Other de-
mographic comparisons, including sex and body mass index (BMI), are shown in Table 1.
All parameters differed significantly between the male and female groups.

3.1. Functional Mobility Test Results and Actual Falls

The pre- and postoperative values of the four functional tests in the male and female
groups are presented in Table 2. In both groups, preoperative measures improved signifi-
cantly at postoperative 3 months and 1 year, except STS (p = 0.000, 0.000, and 0.000 for AST,
SMT, and TUGT, respectively; ANOVA; Figure 1). All measures were significantly different
between the male and female groups, except preoperative falls and AST, at postoperative
1 year.
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Table 2. Comparison of functional test results between male and female patients.

All Males Females p Value
Preoperative
(unit: seconds)
Alternate-Step Test 1574 £+438 1371 +32 1778 £4.46 0.000
Six-Meter-Walk Test 6.91 +2.82 5.74 +2.52 8.08 £ 2.61 0.000
Sit-to-Stand test 1278 £3.82 11.18 £ 346 14.38 +3.49 0.000
Time Up and Go Test 20.66 +5.12 1847 +£5.18 23.02 £ 3.87 0.000
Actual fall *
No fall:fall 168:35 84:14 84:21 NS
Single:multiple 20:15 8:6 12:9 NS
Postoperative 3 months(unit: seconds)
Alternate-Step Test 1412 +352 13.06 £3.72 15.04 £ 3.07 0.000
Six-Meter-Walk Test 5.84 +1.96 5.19 +0.85 6.40 £+ 2.42 0.000
Sit-to-Stand test 1224 £3.55 10.63 £2.10 13.64 £3.94 0.000
Time Up and Go Test 19.22+7.70 15924297 22294932 0.000
Actual fall *
No fall:fall 189:14 98:0 91:14 0.000
Single:multiple 10:4 0 10:4 0.000
Postoperative 1 year
(unit: seconds)
Alternate-Step Test 14.05 £3.35 13.69 £3.08 14.65+3.71 NS
Six-Meter-Walk Test 6.02 +1.98 542 +1.23 7.02 + 253 0.000
Sit-to-Stand test 1257 £5.03 10.87 £1.95 1542 +7.00 0.000
Time Up and Go Test 1723 £4.77 1621 £5.06 19.27 +3.33 0.000
Actual fall *
No fall:fall 189:14 96:2 93:12 0.000
Single:multiple 12:2 1:1 11:1 0.000

Statistical analyses were performed by independent ¢-test and * chi-squared test. NS, not significant.

Unit

ol gl

®PREOPERATIVE W POSTOPERATIVE 3 MONTHS  ® POSTOPERATIVE 1 YEAR

Figure 1. The pre- and postoperative values of the four functional tests depending on the patient groups. Preoperative mea-
sures were improved significantly at postoperative 3 months and 1 year in the male and female patient groups (p = 0.000 for
all; ANOVA). * indicates the statistical difference between measures.
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The average number of actual falls per patient among all patients during follow
up was 0.48 £ 1.82 in the preoperative group, 0.09 & 0.37 at postoperative 3 months,
and 0.09 £ 0.43 at postoperative 1 year (p = 0.000; ANOVA). A significant difference was
found in the distribution of non-fallers and fallers (single-time and multiple fallers) between
preoperative and postoperative follow up among all patients (p = 0.005; chi-squared test).
During follow up, no neurology deterioration related to falls was recorded.

3.2. QoL Outcomes: EQ-VAS, NDI, and mJOA Score and Grade

Mean EQ-VAS scores were 48.62 =+ 23.79 preoperatively, 58.55 4= 22.48 at 3 months post-
operatively, and 60.31 £ 17.88 at 1 year postoperatively in all patients (p = 0.000; ANOVA).
Mean NDI values in all patients were 17.31 & 7.77 preoperatively, 14.82 & 5.73 at 3 months
postoperatively, and 12.68 + 9.06 at 1 year postoperatively (p = 0.000; ANOVA). Other mJOA
scores and grade measures also improved after surgery in all patients (p = 0.013 and 0.010,
respectively; ANOVA). The results are presented in Table 3.

Table 3. Comparison of functional test results between male and female patients.

All Males Females p Value
Preoperative
Modified JOA score 9.51 £3.04 10.92 4 3.00 8.20 £2.41 0.000
Modified JOA grade *
Grade 0:1:2:3 7:49:98:49 7:35:42:14 0:14:58:35 0.000
Neck Disability Index 1731 +7.77 14.85 + 6.67 19.60 + 8.05 0.000
Euro-QoL Visual Analog Scale 48.62 +23.79 50.71 4 18.40 46.66 + 27.86 NS
Postoperative 3 months
Modified JOA score 11.58 &+ 3.14 1235+ 3.1 10.86 & 3.02 0.001
Modified JOA grade *
Grade 0:1:2:3 28:77:63:35 21:35:35:7 7:42:28:28 0.001
Neck Disability Index 14.82 £5.73 14.21 £7.13 15.40 £ 3.96 NS
Euro-QoL Visual Analog Scale 58.55 +22.48 62.71 4 25.68 54.66 1 18.29 0.011
Postoperative 1 year
Modified JOA score 12.61 4 3.50 12.444 £2.38 12.71 £+ 3.61 NS
Modified JOA grade *
Grade 0:1:2:3 30:79:64:30 22:34:35:7 8:45:29:23 0.001
Neck Disability Index 12.68 4 9.06 12.66 4 10.80 12.71 £ 6.26 NS
Euro-QoL Visual Analog Scale 60.31 £ 17.88 62.22 £16.13 57.85 £ 19.81 NS

Statistical analyses were performed by independent t-test and * chi-squared test between the male and female groups. NS, not significant.

3.3. HGS

The mean HGS of both hands improved significantly at postoperative 3 months
and 1 year, compared with the preoperative measures, in all patients (p = 0.000 for both;
ANOVA) (Figure 2 and Table 4). A significant difference was found between the male and
female groups for every measure (p = 0.000; independent t-test).
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Figure 2. The mean HGS of both hands improved significantly at postoperative 3 months and
1 year compared with the preoperative measures in all patient groups (p = 0.000 for all; ANOVA).
* indicates the statistical difference between measures.

Table 4. Hand grip strength measurements.

(Unit: 1bs.) All Males Females p Value
Preoperative
HGS Lt 53.90 + 23.83 70.30 £ 19.46 38.59 + 16.11 0.000
HGS Rt 57.51 4 22.43 72.35 £ 21.96 43.66 + 11.26 0.000
Postoperative 3 months
HGS Lt 56.78 4= 24.47 74.79 £+ 21.39 39.97 +12.07 0.000
HGS Rt 56.97 +21.42 71.01 £ 20.48 43.86 + 11.88 0.000
Postoperative 1 year
HGS Lt 65.72 4 21.50 79.60 £ 16.93 47.86 + 10.95 0.000
HGS Rt 67.23 £23.21 81.32 +£18.75 49.12 + 14.02 0.000

Statistical analyses were performed by independent t-test comparing the male and female groups.

3.4. Multiple Regression Analyses of Parameters Associated with Falls and Fall-Related
Mobility Tests

In male patients, preoperative falls were correlated positively with symptom du-
ration (beta + standard error = 0.003 £ 0.001, p = 0.000) and mFi (beta £ standard
error = 0.362 & 0.043, p = 0.000) and negatively with EQ-VAS (—0.002 £ 0.001) and HGS
(beta + standard error = —0.004 + 0.001, p = 0.000). Falls at postoperative 3 months and
1 year were not correlated with any parameter.

In female patients, preoperative falls were correlated negatively with mJOA score
(beta + standard error = —0.057 £ 0.015, p = 0.000) and HGS (beta + standard
error = —0.035 & 0.005, p = 0.000). At postoperative 3 months, number of falls was pos-
itively correlated with mFi (beta + standard error = 0.246 £ 0.017, p = 0.000) and NDI
(beta £ standard error = 0.050 4 0.006, p = 0.000). Fall measures at 12 months were pos-
itively correlated with NDI (beta + standard error = 0.066 & 0.000, p = 0.000) and WC
(beta & standard error = 0.046 4 0.000, p = 0.000) and negatively with HGS (beta + stan-
dard error = —0.049 4 0.000, p = 0.000). Other correlations with functional mobility tests
are listed in Table 5: Correlations between parameters not presented in Table 5 lacked
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statistical significance. Additionally, univariate linear regression analyses were presented
in the Table S1.

Table 5. Multiple regression analyses of fall-related functional mobility tests.

Males
AST SMT STS TUGT
Variables
Beta = S.E p Value Beta = S.E p Value Beta = S.E p Value Beta = S.E p Value
Preoperative
NDI 0.330 4 0.016 0.000 0.325 £ 0.001 0.000 0.460 + 0.000 0.000 0.545 4+ 0.014 0.000
AGE 0.168 4 0.010 0.000 —0.084 4+ 0.001 0.000 0.023 4 0.000 0.000
mFI 1.988 + 0.145 0.000 1.605 4 0.008 0.000 —0.386 + 0.003 0.000 2.370 4 0.143 0.000
BMI 0.681 + 0.063 0.000 0.989 + 0.003 0.000 1.299 + 0.001 0.000 2.029 + 0.048 0.000
Operation length 0.955 + 0.095 0.000 1.153 + 0.006 0.000 4.326 + 0.002 0.000 3.998 +0.128 0.000
* Modified JOA grade —0.711 £ 0.015 0.000 4.467 + 0.006 0.000 3098 £+ 0.278 0.000
Postoperative 3 months
NDI —0.387 4+ 0.024 0.000 0.190 £ 0.016 0.000 —0.127 4 0.007 0.000
AGE 0.326 + 0.007 0.000 0.224 + 0.002 0.000 0.227 4+ 0.004 0.000
mFI 0.438 +0.173 0.013 —2.639 + 0.024 0.000 1.164 £ 0.055 0.000
Smoking 1.199 £ 0.115 0.000 1.647 £ 0.068 0.000 4.264 +0.023 0.000 —4.956 + 0.041 0.000
BMI 2.280 + 0.051 0.000 0.053 + 0.005 0.000 2.003 + 0.021 0.000
Operation length 3.169 + 0.152 0.000 0.672 + 0.008 0.000 1.452 + 0.036 0.000
* Modified JOA grade 6.866 + 0.256 0.000 1.309 £ 0.209 0.000 9.980 + 0.045 0.000
Postoperative 1 year
mFI 3.040 + 0.004 0.000 2.156 + 0.022 0.000
Smoking 0.275 + 0.009 0.000 —0.079 + 0.000 0.000 1.331 £ 0.031 0.000
HGS —0.051 + 0.000 0.000 —0.129 + 0.001 0.000 —0.024 + 0.001 0.000
Symptom duration 0.063 4 0.000 0.000 0.006 4 0.000 0.000 0.042 + 0.000 0.000 0.074 4 0.00 0.000
* Modified JOA grade 1.836 4 0.000 0.000 . 7.679 + 0.055 0.000
Females
AST SMT STS TUGT
Variables
Beta £ S.E p Value Beta &+ S.E p Value Beta & S.E p Value Beta + S.E p Value
Preoperative
NDI 0.539 4+ 0.018 0.000 0.791 £ 0.010 0.000 0.890 + 0.004 0.000 —0.275 + 0.026 0.000
AGE 0.812 4 0.034 0.000 1.162 £ 0.018 0.000 0.899 + 0.005 0.000 —0.620 + 0.044 0.000
WC 0.271 4+ 0.018 0.000 0.387 4 0.010 0.000 0.000
Cord signal change 2.674 £+ 0.251 0.000 —2.885 + 0.136 0.000 5.966 + 0.042 6.574 1+ 0.184 0.000
* Modified JOA score —2.500 + 0.051 0.000 —2.578 £+ 0.028 0.000 —1.309 + 0.011 0.000 0.498 + 0.086 0.000
HGS —0.725 £ 0.014 0.000 —0.035 + 0.003 0.000 —0.300 + 0.018 0.000
Operation length 4.793 £ 0.075 0.000 2.934 +0.041 0.000 3.301 +0.013 0.000 —0.825 4+ 0.149 0.000
Postoperative 3 months
NDI —1.414 4+ 0.080 0.000 —0.079 £ 0.034 0.022 0.412 4+ 0.038 0.000 0.831 4 0.278 0.004
AGE 0.036 4 0.013 0.006 0.132 4 0.015 0.000 0.141 + 0.006 0.000 0.654 + 0.055 0.000
WC 0.425 4 0.031 0.000 0.177 4 0.028 0.000 0.612 4+ 0.017 0.000 1.132 £ 0.100 0.000
* Modified JOA score —1.528 +0.118 —0.725 4+ 0.163 0.000 —2.569 + 0.070 0.000 —2.606 + 0.553 0.000
HGS —0.335 4 0.052 0.000 —0.168 + 0.012 0.000
BMI 0.000 —0.066 + 0.063 0.000 —0.989 + 0.029 0.000 —1.954 +0.227 0.000
Postoperative 1 year
* Modified JOA score —1.474 4+ 0.055 0.000 —1.616 4 0.000 0.000 —3.734 + 0.050 0.000 0.837 4 0.008 0.000
HGS —0.269 + 0.016 0.000 0.010 £ 0.000 0.000
Operation length —0.974 4+ 0.001 0.000 —5.774 £ 0.170 0.000 —1.758 + 0.017 0.000
* Modified JOA grade —6.145 + 0.232 0.000 —6.533 £ 0.002 0.000 —13.403 £ 0.277 0.000

* modified JOA grade (16~17 = Grade 0, 12~15 = Grade 1, 8~11 = Grad 2, 0~7 = Grade 3, higher grades reflect worse functional status);
Neck Disability Index (NDI) (=higher scores indicate worse functional status), Euro-QoL Visual Analog Scale (VAS) (=higher scores
represent better QoL status), modified Japanese orthopedic association (JOA) score (=higher scores reflect better functional status).

4. Discussion

Surgical treatment for DCM is associated with improvements in functional, disability-
related, and QoL outcomes and reduced incidences of both falls and fall-related deteri-
oration of subjective symptoms [5,32,33]. Compared with lumbar stenosis, the lack of
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data on DCM patients and the related risk of falls therein makes it difficult to predict
surgical outcomes and postoperative rates of improvement in preoperative neurologic
deficits. Additionally, prior studies that have characterized grip strength in association with
myelopathic symptoms have presented mixed evidence with postoperative improvement,
or no difference [34-36].

Compared with a recently published lumbar stenosis study, the present study con-
firmed differences in correlations between male and female sex and the postoperative risk
of falling [19]. The previous study excluded cervical stenosis patients with upper-extremity
motor deficits to focus on the sarcopenic conditions of the patients [37]. The present
study focused on cervical myelopathy-related HGS weakness and postoperative functional
changes according to sex. As expected, differences between the male and female groups
were observable. Meanwhile, different from other available studies, all of the enrolled
patients developed cervical myelopathic symptoms, and more than half also showed spinal
cord signal changes (65.5%; 133/203). We confirmed that the spinal cord signal changes
were not necessarily correlated with actual falls and other outcomes, such as functional
mobility tests and QoL (Table 5), and the direction of correlations varied from positive to
negative depending on the measured time and the sex, a finding that is consistent with
the literature [38]. Healing of the spinal cord after surgical decompression is based on
the intrinsic ability of the spinal cord to heal itself. Thus, the pre-operative health of the
cord is paramount to post-operative improvement [39]. For the enrolled male and female
patients in the present study, preoperative status, including the general condition and
duration of symptoms (Table 1), could differ, and these could affect the observed variations
in correlations with fall and fall-related parameters. Although there was a negative correla-
tion between postoperative fall-related functional tests and HGS in female patients, it was
smaller than that in the male patients in this study.

Along with HGS, the present study demonstrated sex differences in the recovery of
QoL reflected in the outcomes and related functional mobility results. For male patients,
because baseline HGS and muscle strength are much greater than those in female patients,
a higher increase in HGS was expected postoperatively. Although a lesser amount of
recovery of HGS and related function was observed in the female group by postoperative 3
months, the larger delayed recovery between postoperative 3 months and 1 year (Table 4)
could lead the patients and medical team to encourage functional rehabilitation to improve
muscle strength and lower the risk of falling up to postoperative 1 year. [40].

In a study by Kalsi-Ryan et al., [14,15] a more specific hand assessment study was
suggested. Unfortunately, in this study, the patients were enrolled from March 2017 to
August 2019, and therefore the specific test was not yet available. The authors believe that
the hand assessment study would be better to describe upper extremity function in DCM
patients in future studies.

The surgical effect of decompression in patients with DCM could differ in relation to a
variety of factors. Since HGS improved after surgical decompression, the recovery of HGS
was not only related to preoperative HGS but also to the overall functional outcome origi-
nating from compressive myelopathy-related pyramidal tract dysfunction [36]. Improved
concordant motor function and muscle coordination with the resolution of myelopathy
symptoms postoperatively elicited better functional mobility tests related to the risk of
falling and actual falls [5,32].

The key findings of the present study are the following: postoperative HGS may
be correlated with postoperative falling and functional outcomes differently in male and
female patients. Meanwhile, surgical intervention for DCM significantly reduced the
incidence rate of falls to less than 40% of the preoperative rate. The incidence of falls
decreased significantly from 17.2% (35/203) to 6.8% (14/203) after surgery. Frequent falling
is one of the most common symptoms in patients with DCM, and our analysis revealed
that the incidence of both actual falls and multiple falls decreased significantly during
postoperative follow up (Table 2). The decrease in actual falls during follow-up, however,
made multiple regression analyses thereof in relation to other parameters impossible.
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In another study, the incidence of postoperative falls peaked at 5 to 6 months after
surgery, likely because many patients may have increased their daily walking activity
during this period, leading to a transiently increased fall rate [5]. However, only a limited
number of patients fell during follow up and no aggravation of symptoms and related
fractures were reported in the present study. This finding could be explained by the
peri- and postoperative fall prevention education program provided by our institution to
emphasize the risk and caution of postoperative falls to patients and caregivers during
admission and at every outpatient clinic follow up, based on previous publications [2—4,19].

Another possible reason for the decreased number of falls during follow-up could
be the low BMI (mean: 24.30 + 3.82 kg/m?) of the enrolled patients. A higher BMI is an
independent risk factor for falls, and an association between increasing BMI (ranging from
25.0 to 29.9 kg/m? and 30.0 kg/m? and higher) and the risk of falls has been reported [41].
However, no significant association was found between increasing BMI and fall-related
injury in the present study: correlations between functional mobility tests and BMI are
presented in Table 5.

Our study had several strong points compared with previous studies. We evaluated a
comprehensive range of risk factors, including the duration of symptoms and comorbidity.
As the general condition of the patients is related to the preoperative and postoperative
recovery of function, the overall condition of the patients is an important factor [42,43].
Additionally, we included more severe spondylotic myeloradiculopathic cases that had
undergone combined anterior-posterior surgery [44-46], and as such the rate of combined
anterior—posterior surgeries was much higher than that in another study [5]. Moreover, we
report not only actual falls but also the objective measures of functional mobility tests and
HGS, which all affect patient subjective symptoms.

A limitation of the present study was that the radiologic factors for the risk of falling
were not reported at the same time. However, regarding the functional evaluation in the
present study, all parameters, including mFi and HGS, would help clarify the postoperative
recovery patterns of DCM patients. The results concerning radiologic evaluation and
analyses are now being prepared for a future study. Despite these limitations, this is the
first study to analyze correlations between HGS and the risk of falls in relation to functional
tests and actual falls, as well as QoL, in DCM.

5. Conclusions

Postoperative HGS in patients with DCM is correlated with postoperative falls and
functional outcome differently in male and female patients. Altogether, our results suggest
that postoperative HGS could be used as a surrogate marker for predicting favorable
outcomes and neurologic deficit recovery after surgery in DCM patients, provided careful
consideration in given to sexual differences therein.
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Abstract: The ratio of human nonmercaptalbumin (HNA) and reduced albumin (HMA) may be a
new marker for oxidative stress. Locomotive syndrome (LS) is reduced mobility due to impairment
of locomotive organs. We investigated whether the HNA /HMA ratio could be a new biomarker of
LS. This study included 306 subjects (mean age 64.24 & 10.4 years) who underwent LS tests, grip
strength, walking speed, and tests for HNA and HMA. Oxidative stress was measured by the ratio
of HMA (f(HMA) = (HMA/(HMA + HNA) x 100)), and the subjects were divided into normal
(N group; ffHMA] > 70%) and low (L group; f{HMA] < 70%) groups. There were 124 non-elderly
(<65 years) and 182 elderly subjects (>65 years). There were no significant differences in LS, grip
strength, and walking speed between the L and N groups in the non-elderly subjects. However,
significant differences were found in the elderly subjects. In logistic regression analysis, there was an
association between f(HMA) and the LS severity at older ages. LS in the elderly is associated with a
decline in HMA and, thus, an increase in oxidative stress. Thus, f(HMA) is a new biomarker of LS.

Keywords: human nonmercaptalbumin; reduced albumin; oxidative stress; locomotive syndrome

1. Introduction

The majority of developed countries have an aging population [1], and the number of
people requiring support and care in their daily lives due to musculoskeletal disorders is
increasing [2]. Locomotive syndrome (LS), which is a condition of reduced mobility due to
impairment of locomotive organs, was proposed by the Japanese Orthopedic Association
(JOA) as an overarching term for this condition [2,3]. LS has received worldwide attention
for an assessment of the motor function in motor diseases [4]. LS is associated with a
significantly lower quality of life (QOL) [5] and a shorter life expectancy. Prevention of LS
has long been advocated for maintaining and improving physical function in middle-aged
and elderly people [6].
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Oxidative stress reflects the imbalance of reactive oxidative species and antioxidant
defenses and plays an important role in the decline of body functions in old age [7-9].
Elevated oxidative stress induces apoptosis of skeletal muscle [10], abnormality in neuro-
muscular junctions [11] and impaired mitochondrial function [12], resulting in decreased
muscle performance, one of the major determinants of exercise capacity [13]. A recent
systematic review of older adults has shown an association between increased oxidative
stress and physical frailty [14]. Given that oxidative stress is one of the origins of age-
related decline in functional reserve, the use of biomarkers that reflect the redox status of
the body may allow early identification of individuals at risk of functional decline due to
musculoskeletal disease. The human serum albumin (HSA) cysteine-34 accounts for about
80% of the extracellular free thiols and is a major extracellular antioxidant [15]. Thus, HSA
has been considered an important scavenger of reactive oxidative species, for example hy-
droxyl radical and hydrogen peroxide [16], but there are reports of differing antioxidative
effects of HSA depending on its chemical structure. For example, Cys-34 residue functions
as a universal antioxidant residue with excellent scavenging ability against a variety of
reactive oxygen species, while Met residue may play an auxiliary role [17,18].

HSAs have been chemically classified into two major categories based on their redox
status: human non-mercaptalbumin (HNA: oxidized form) and human mercaptalbumin
(HMA: reduced form) [19]. Under oxidative stress, HMA changes to reversibly oxidized
HNA-1 and highly oxidized HNA-2. Under oxidative stress, HMA bulffers reactive oxidized
species and turns them into HNAs; therefore, the proportion of HMA in HSA (f(HMA)) has
been considered a biomarker reflecting the redox status of the human body [20]. Although
the proportion of each HSA form is generally age- and disease-dependent, studies have
shown that HMA, HNA-1, and HNA-2 account for 70-80%, 20-30%, and 2-5%, respectively,
of the total albumin in healthy young adults [21].

Several clinical studies have examined the relationship between the redox status of
HSA and the severity and progression of hypertension [22,23], obesity [24], liver injury [25],
renal function [26,27], anemia [28], and cardiovascular complications in patients on dialy-
sis [29,30]. It is also associated with Diabetes Mellitus [31] and Alzheimer’s disease [32].

Although limited epidemiological studies have analyzed the association between
HSA redox status and motor function [33], this redox status might be a biomarker for LS.
The purpose of this study was to evaluate the redox status of albumin in a middle-aged
and elderly Japanese population, and to investigate its correlation with motor function,
including LS.

2. Materials and Methods
2.1. Study Participants

The individuals surveyed were volunteers who underwent a municipal-supported
health checkup in the town of Yakumo in 2016. The town of Yakumo has a population of
about 17,000 of whom 28% are over 65 years old. More people are engaged in agriculture
and fishing than in urban areas. This town has been conducting annual health checkups
since 1982. Physical examinations include voluntary orthopedic and physical function tests,
internal examinations, and psychological examinations, as well as a health-related QOL
survey (SF-36) [34,35]. This study included all participants who completed an assessment
of the LS risk stage. The exclusion criteria were: a history of spine or joint surgery, severe
knee injury, severe hip osteoarthritis, history of hip or spine fractures, neuropathy, severe
mental illness, diabetes, kidney or heart disease, non-fasting, severe impairment of walking
or standing, and impairment of the central or peripheral nervous system.

Of the 555 participants who underwent health checks, 306 (128 men and 178 women)
met the inclusion criteria. The research protocol was approved by the Human Research
Ethics Committee and the University’s Institutional Review Board (No. 2014-0207). All
participants gave written informed consent prior to participation. The research procedure
was carried out in accordance with the principles of the Declaration of Helsinki.
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2.2. Examination of Motor Function

Grip strength in the standing position was measured once for each hand with a hand-
grip dynamometer (Toei Light Co., Ltd., Saitama, Japan), and the mean value was used [36].
Subjects walked a straight 10 m course once at their fastest pace, and the time required to
complete the course was recorded as the 10 m gait time [37].

2.3. LS Stage Tests

To evaluate the risk of LS, the JOA has proposed three tests: the two-step test, the
stand-up test, and the 25-question geriatric locomotive function scale (GLFS-25) [2]. LS is
categorized into stages 1 and 2, and these tests assess the degree of motor function and
define the stages of LS. Stage 1 indicates that movement function has begun to decline, and
stage 2 indicates that movement function has progressed towards a decline in mobility.

Three tests were conducted according to the JOA guidelines [2].

In the stand-up test, the ability to stand with a single- or double-leg stance from stools
of heights, 40, 30, 20, and 10 cm, is evaluated. The grading of difficulty, from easy to
difficult, is in the order of double-leg stance with 40, 30, 20, and 10 cm stools, followed by
single-leg stance with 40, 30, 20, and 10 cm. The test result is expressed as the minimum
height of the stool that the subject was able to stand up from.

In the two-step test, a physical therapist measured the length of two steps from the
starting line to the tip of the toe. Scores were calculated by normalizing the maximum
length of two steps by height.

The GLFS-25 is a self-reported comprehensive survey that refers to the previous
month [38]. The scale consists of four questions about pain, 16 questions about Activities
of Daily Living (ADL), three questions about social functioning, and two questions about
mental status. Each item was graded from no disability (0 points) to severe disability
(4 points).

We defined LSO, 1, 2 as follows:

LSO
The subject is categorized as Stage 0 if all three of the conditions are met as follows:
1. Stand-up test, ability to stand on one-leg from a 40-cm-high seat (both legs).
2. Two-step test, >1.3.
3. 25-question GLFS score, <7.
Ls1
The subject is categorized as Stage 1 if any of the three conditions are met as follows:
1. Stand-up test, difficulty in one-leg standing from a 40-cm-high seat (either leg).
2. Two-step test, <1.3.
3. 25-question GLFS score, >7.
LS2

The subject is categorized as Stage 2 if any of the three conditions are met as follows:

1. Stand-up test, difficulty in standing from a 20-cm-high seat using both legs.
2. Two-step test, <1.1.
3. 25-question GLFS score, >16.

2.4. Measurements of HSA

During the checkup, fasting blood samples were collected through venipuncture and
centrifuged within 1 h of sampling. Serum samples were stored at —80 °C until the assay
was performed. Routine biochemical analyses were performed in the laboratory of the
Yakumo Town Hospital. Interpersonal measurements of height and weight were taken to
calculate the body mass index (BMI, kg/ m?).

The determination of HSA, HNA, and HMA using high performance liquid chro-
matography (HPLC) with an ultraviolet detector has been reported by Sogami et al. [39]. In
this study, the HPLC-post-column bromocresol green (BCG) method was used, which was
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engineered to ensure that serum uric acid and bilirubin did not interfere with chromato-
graphic peaks [40]. Frozen serum samples were thawed at room temperature and filtered
through a Mini-UniPrep syringe-less filter (Agilent, Tokyo, Japan); HPLC was performed
and reacted with BCG reagents to separate HMA and HNA detected at a 620 nm wave-
length. The sample volume injected into the HPLC was 5 uL. The mobile phase reagent
consisted of N-methylpiperazine-HCl buffer (pH 4.5), 40 mM NaySOy, and 3% ethanol; the
BCG reagent consisted of 150 mM citric acid, 3% Brigi 35, and 0.3 mM BCG. For all experi-
ments, distilled water deionized to 18 m() using the Millipore Milli-Q System (Millipore
Co., Bedford, MA, USA) was used.

The HPLC system used in this study was the Hitachi Lacrom Ice System (Hitachi,
Tokyo, Japan), which consisted of an isocratic pump (L-2130), an auto-injector (L-2200), and
a column oven (L-2300). Chromatograms were obtained using a photodiode array detection
system (model L-2455). A Shodex Asahipak GS-570 GS column (100 mm X 7.5 mm ID)
was used to separate the HSA components before sample injection.

In the present experiment, the peak of HNA-2 was not sufficiently quantified, and
its peak area was not considered in subsequent analyses. To numerically assess the redox
state of HSA from the HPLC profile, f{(HMA), which represents the ratio of the peak area of
HMA to the peak area of HSA, has been used in previous similar studies [41]. Hence, we
followed these reports for the present study.

The f(HMA) was calculated using the following equation: f(HMA) = HMA area/(HMA
area + HNA area) x 100.

Previous studies have demonstrated that f(HMA) accounts for 70-80% of the total
albumin in a healthy young adult [42]. Therefore, the cut-off value of f(HMA) was deter-
mined to be 70%. We divided the participants into the normal (N, f{(HMA) > 70%) and
lower (L, {(HMA) < 70%) oxidative stress groups.

2.5. Statistical Analysis

Continuous variables were expressed as mean =+ standard deviation (SD). We com-
pared continuous variables of the L group to those of the N group using the student t-test,
and categorical variables of the L group to those of the N group using the Chi-squared test.
Logistic regression analysis was performed to evaluate important risk factors of elevated
oxidative stress, as defined by f(HMA) < 70%: L group. The dependent variable was N
versus L groups. Following univariable analysis, variables that yielded a p-value < 0.20
were included in the multivariable analysis.

Each analysis was done separately for the under-65 (non-elderly) and the over-65
(elderly) groups.

All statistical analyses were performed using SPSS Statistics v.22.0 software for Mac
(IBM Corp., Armonk, NY, USA). A p-value < 0.05 was considered significant in all analyses.

3. Results

Table 1 shows the participant characteristics. The participants had an average age
of 64.24 1 10.4 years; 128 were male and 178 were female. The mean albumin serum
level was 4.39 £ 0.25 (g/dL); The mean f(HMA) was 69.49 £ 7.02%; there were 151 and
155 participants in the N and L groups, respectively. With respect to the severity of LS,
118 participants (38.6%) were at no risk (stage 0), 116 (37.9%) were stage 1, and 72 (23.5%)
were stage 2 [43].
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Table 1. Demographics and clinical characteristics.

Characteristics Total (1 = 306) Non-Elderly (n = 124) Elderly (n = 182)
male/female 128/178 40/84 88/94
Age (years old) 64.24 £104 54.19 £7.34 7119 £ 524
Height (cm) 157.88 + 8.15 159.56 + 8.16 156.71 £ 7.97
Weight (kg) 58.84 4+ 11.35 60.04 £+ 12.61 58.02 4 10.36
BMI (kg/cm?) 235 +3.48 23.44 +3.73 23.54 4+ 3.31
grip strength (kg) 27.06 + 8.88 27.28 +9.47 269 + 8.46
gait speed (m/s) 1.88 +0.29 1.94+0.28 1.84 +0.29
Albumin (g/dL) 4.39 £0.25 442 +0.25 4.36 = 0.26
f(HMA) (%) 69.49 £ 7.02 72.96 £ 5.86 67.09 £ 6.76
N/L 151/155 84/40 67/115
Stage of LS (0/1/2) 118/116/72 52/50/22 66/66/50

BMI: body mass index; f(HMA): fraction of human mercaptalbumin; f(HMA) = HMA area/(HMA area + HNA
area); HMA: human mercaptalbumin; N: participants with f(HMA) of 70% or more; L: participants with f(HMA)
less than 70%; LS: locomotive syndrome. Values are mean + SD for each group.

3.1. Non-Elderly Participants

The average age was 54.19 & 7.34 years, and the mean f(HMA) was 72.96 £ 5.86%.
Eighty-four (67.7%) and 40 (32.3%) subjects were considered to be in the N and L oxidative
stress groups, respectively. In terms of LS, 52 (41.9%), 50 (40.3%), and 22 participants
(17.8%) were grouped into no risk (stage 0), stage 1, and stage 2, respectively (Table 1).
The average age was significantly higher in the L group (N: 53.42 £ 7.5, L: 56.89 + 6.15,
p < 0.001). Gender, height, weight, BMI, grip strength, and gait speed were not significantly
different between the groups. There was no significant difference in the severity of LS
between the N and L oxidative stress groups (stage 0: 41.7 and 42.5%, stage 1: 40.5 and
40.0%, and stage 2: 17.8 and 17.5% in the N and L groups, p = 0.90) (Table 2).

Table 2. The comparison of each parameter between the N and L groups in non-elderly participants.

Non-Elderly (n = 124) N Group (n = 84) L Group (1 = 40) P

male/female 32/52 16/24 0.304
Age (years) 5342 +75 56.89 £ 6.15 <0.001
Height (cm) 160.76 £ 7.87 159.47 £ 8.45 0.579
Weight (kg) 59.28 £11.48 61.8 £12.28 0.283

BMI (kg/cm?) 229 +3.52 24.27 +3.84 0.69
grip strength (kg) 28.44 £9.55 27.57 £9.63 0.639
gait speed (m/s) 1.95+£0.27 1.92 +0.31 0.623
Stage of LS (0/1/2) 35/34/15 17/16/7 0.904

BMI: body mass index; N group: participants with f{(HMA) of 70% or more; L group: participants with f(HMA)
less than 70%; LS: locomotive syndrome. Values are mean + SD for each group.

3.2. Elderly Participants

The average age was 71.19 & 5.24 years, and the mean f(HMA) was 67.09 £ 6.76%.
Sixty-seven (36.8%) and 115 (63.2%) subjects were categorized in the N and L oxidative
stress groups, respectively. In terms of LS, 66 (36.3%), 66 (36.3%), and 50 (27.4%) participants
were grouped into stage 0, stage 1, and stage 2, respectively (Table 1).

Age and BMI were not significantly different between the N and L oxidative stress
groups. There were significant differences in the percentage of LS in elderly participants
(N: stage 0: 33 (49.3%), stage 1: 21 (31.3%), stage 2: 13 (19.4%); L: stage 0: 33 (28.7%), stage
1: 45 (39.1%), stage 2: 37 (32.2%); p = 0.004). There were significant differences in gender,
height, weight, grip strength, and gait speed in elderly participants (p < 0.001, p < 0.001,
p =0.018, p < 0.001, p = 0.002, respectively) (Table 3).

47



J. Clin. Med. 2021, 10, 2464

Table 3. The comparison of each parameter between the N and L groups in elderly participants.

Elderly (n = 182) N Group (n = 67) L Group (n = 115) 4
male/female 40/27 47/68 <0.001
Age (years) 69.95 £+ 4.41 71.55 £5.63 0.057
Height (cm) 159.13 £ 7.94 15532 £7.81 <0.001
Weight (kg) 59.11 +10.2 57.37 +10.43 0.018
BMI (kg/cm?) 2325+3 23.69 £ 3.42 0.930
grip strength (kg) 28.35 + 8.51 25.8 + 8.39 <0.001
gait speed (m/s) 1.92 +0.24 1.78 £ 0.3 0.002
Stage of LS (0/1/2) 33/21/13 33/45/37 0.004

BMI: body mass index; N group: participants with f{(HMA) of 70% or more; L group: participants with f(HMA)
less than 70%; LS: locomotive syndrome. Values are mean + SD for each group.

Since there were several factors with significant differences, they were examined
as covariates for risk factors for elevated oxidative stress, as defined by f(HMA) > 70%:
L group in logistic regression analysis, which found only LS as a risk factor for elevated
oxidative stress (OR 0.515, 95% confidence interval, 95% CI: 0.281-0.943, p = 0.032) (Table 4).
As the LS stage increased by 1, the risk of becoming L increased by 0.515 times.

Table 4. Logistic regression analysis for risk factors of the elevation of oxidative stress (L group) in

elderly participants.
Elderly B SE Wald df p OR 95% CI
male/female  0.031  0.709 0.002 1 0966  1.031  0.257-4.136
Age (years)  —0.05  0.042 1412 1 0235 0951  0.876-1.033
Height (cm) 0079 0.042 3.482 1 0062  1.082  0996-1.175
Weight (kg) ~ —0.005  0.025 0.043 1 083 0995  0.947-1.045
srip (sl:rge)ngth ~0.08 0755 0.011 1 0915 0923  0.21-4.054
ga(‘;f}’;ed —~0.003  0.039 0.007 1 0932 0997  0.924-1.075
Stage of LS
~0. . 462 1 032 51 281-0.94
0172 0.663  0.309 6 0.03 0515  0.281-0.943

OR: odds ratio; CI: confidence interval; L group: participants with f(HMA) less than 70%; LS:

locomotive syndrome.

4. Discussion

There have been several reports of the association between f(HMA), a marker of oxida-
tive stress, and chronic diseases [16]. However, few reports have indicated its association
with motor function [33]. Furthermore, to our knowledge, this is the first study to report
on the association between f(HMA) and LS. The present study indicated that subjects with
more severe LS stages had higher oxidative stress as assessed by f(HMA) levels in the
elderly group, where oxidative stress was associated with a decline in locomotive function.
The f(HMA) ratio could be a new biomarker associated with LS in elderly subjects.

Oxidative stress reflects the imbalance of reactive oxidative species and antioxidant
defenses, and it plays an important role in the decline of body functions [7]. It has been
reported that oxidative stress is associated with chronic diseases, including hypertension,
obesity, liver injury, renal function, anemia, and cardiovascular complications [30]. Further-
more, increased oxidative stress in the elderly might be associated with a deterioration in
motor function as increased oxidative stress reduces walking speed in elderly women [33].
This study concurred, showing increased oxidative stress and reduced motor functions,
such as grip strength and walking speed, in elderly people, which worsened the degree of
impairment of locomotion.

There are several possible mechanisms to explain the association between f(HMA)
levels and motor performance in LS. Oxidative stress is associated with muscle function
through several pathways, including changes in neuromuscular junctions, reduced muscle
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energy metabolism, and reduced calcium release from the endoplasmic reticulum [11].
Another possible mechanism is muscle atrophy from increased proteolysis and decreased
protein synthesis due to increased oxidative stress [11]. Oxidative stress has been reported
to impair skeletal muscle as well as cardiovascular energy metabolism [11]. The association
between f(HMA) and exercise capacity may be explained by the effect of oxidative stress
on these systemic factors that determine exercise capacity.

In multivariate analysis, f{(HMA) was associated with locomotion rather than simple
motor functions, such as grip strength and gait, in the elderly group. LS is the concept
of functional decline due to problems in bone, cartilage, muscle, and nerves [44], and
f(HMA) may be related to abnormalities in these motor organs. However, an association
between f(HMA) and decline in motor function or LS was not found in the non-elderly. The
simple increase in oxidative stress does not affect motor function, but long-term exposure
to oxidative stress, such as with age-related chronic inflammation, may be associated with
a functional decline [45].

LS is a condition that requires nursing care. As it is a motor disease that is expected to
improve with locomotion training, early detection leads to the preclusion of unnecessary
nursing care [44]. In the current study, the oxidative stress marker f(HMA) was found to be
associated with the degree of LS, and it may therefore be a new biomarker for the early
detection of LS. If this is confirmed, it will be possible to intervene in LS from an early stage,
resulting in nursing care being unnecessary. Furthermore, as exercise testing to diagnose
LS is difficult in the limited time in an outpatient setting, if f{(HMA) becomes a biomarker
for suspected LS, it could provide a simple objective diagnostic modality for LS.

The modifiability of f(HMA) by intervention, and its responsiveness to changes in
motor performance, need to be investigated in future studies. Supplementation with
branched-chain amino acids is a potential intervention to increase f(HMA) levels. A
previous study in patients with cirrhosis showed that administration of branched-chain
amino acids increased f(HMA) [19]. LS may be improved by nutritional therapies that
improve f(HMA), which may be a potential new treatment other than exercise therapy.
There is scope to consider the link between LS, f(HMA), and nutritional status.

It may also be possible that the exercise regimens reported so far to improve LS may
improve f(HMA) and reduce oxidative stress. Therefore, the results of this study may
provide a basis for the hypothesis that exercise therapy, as previously described, improves
systemic diseases caused by oxidative stress [46].

This study has several potential limitations. First, the participants were middle-aged
and elderly people who lived in a relatively rural area, where many had jobs in agriculture
or fishing. Thus, the lifestyle of these subjects differed from that of people in an urban
environment. Furthermore, the participants attended for annual health examinations,
which suggests that they may be more health conscious than other people. Second, this
was a cross-sectional, single-center study. In the future, longitudinal and multicenter
collaborative research will be needed to verify our findings. Finally, the specificity of
f(HMA) as a biomarker of LS could not be discussed, because other biomarkers related
to oxidative stress were not measured. Nevertheless, the present study still has a clinical
application, by indicating that the redox state of HSA might serve as a biomarker for LS.

5. Conclusions

In conclusion, this study demonstrated that f(HMA), a marker for the redox state of
HSA, correlated with the severity of LS in elderly people. Thus, we suggest that f(HMA)
could be a novel biomarker of LS.
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Abstract: Spinal sagittal malalignment due to vertebral fractures (VFs) induces low back pain (LBP)
in patients with osteoporosis. This study aimed to elucidate spinal sagittal malalignment prevalence
based on VF number and patient characteristics in individuals with osteoporosis and spinal sagittal
malalignment. Spinal sagittal alignment, and VF number were measured in 259 patients with
osteoporosis. Spinal sagittal malalignment was defined according to the SRS-Schwab classification of
adult spinal deformity. Spinal sagittal malalignment prevalence was evaluated based on VF number.
In patients without VFs, bone mineral density, bone turnover markers, LBP scores and health-related
quality of life (HRQoL) scores of normal and sagittal malalignment groups were compared. In 205 of
the 259 (79.2%) patients, spinal sagittal malalignment was detected. Sagittal malalignment prevalence
in patients with 0, 1, or >2 VFs was 72.1%, 86.0%, and 86.3%, respectively. All LBP scores and
some subscale of HRQOoL scores in patients without VFs were significantly worse for the sagittal
malalignment group than the normal alignment group (p < 0.05). The majority of patients with
osteoporosis had spinal sagittal malalignment, including >70% of patients without VFs. Patients
with spinal sagittal malalignment reported worse LBP and HRQoL. These findings suggest that
spinal sagittal malalignment is a risk factor for LBP and poor HRQoL in patients with osteoporosis.

Keywords: spinal sagittal alignment; osteoporosis; low back pain; health-related quality of life

1. Introduction

Patients with osteoporosis often report low back pain (LBP), particularly intermittent
LBP such as vague LBP due to standing or walking for a long stretch of time. In clinical
settings, the types of LBP reported tend be difficult to treat. Whether osteoporosis causes
LBP is controversial because its pathological mechanism has not been fully elucidated.
Several factors, including high bone turnover [1], low muscle mass [2], and vertebral
fractures (VFs) [3], have been reported to be associated with increased risk of LBP and
osteoporosis. In addition, it is well known that VFs induce spinal sagittal malalignment in
osteoporosis patients [4].
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Patients with spinal sagittal malalignment presenting as adult spinal deformity of-
ten complained of severe LBP that induced the deterioration of health-related quality of
life (HRQoL), requiring treatment [5]. Patients with spinal deformity tend to be elderly
individuals who also have osteoporosis. Therefore, osteoporosis might be associated with
adult spinal deformity. Furthermore, it has been reported that osteoporotic patients with
VFs showed worse spinal sagittal alignment and LBP and HRQoL scores [6]. However,
the prevalence of spinal sagittal malalignment in osteoporosis patients remains unclear.
Improving our understanding of the characteristics of patients with spinal sagittal malalign-
ment may lead to the improvement of spinal sagittal malalignment treatment. The aim of
this study was to elucidate the prevalence of spinal sagittal malalignment based on VF num-
ber and the characteristics of patients with osteoporosis and spinal sagittal malalignment.

2. Materials and Methods
2.1. Patient Population

The records of patients with osteoporosis who first visited these facilities from June
2015 to March 2017 were reviewed in this cross-sectional study. We excluded patients
who developed new vertebral fractures within three months. The remaining 259 patients
(48 men, 211 women; mean age: 71.5 years) were included.

2.2. Measurements

In all patients, we evaluated bone mineral density (BMD) of the lumbar spine (LS:
L2-14), femoral neck (FN), and total hip (TH), using dual-energy X-ray absorptiometry
(DXA: Horizon DXA System; Hologic Inc., Santa Clara, CA, USA), and serum levels of bone
turnover markers including bone-specific alkaline phosphatase (BAP; Beckman Coulter
Inc. Brea, CA, USA) and tartrate-resistant acid phosphatase 5b (TRACP5b; DS Pharma
Biomedical Inc., Osaka, Japan).

2.2.1. Radiographical Evaluation

X-ray images taken in frontal and lateral views of the whole spine, including the hip
joints, in the standing position were reviewed to evaluate spinal sagittal alignment and VFs.
For the evaluation of spinal sagittal alignment, three spinal sagittal alignment parameters
were measured. To assess pelvic tilt (PT), the angle between the line joining the midpoint
of the bilateral center of the femoral head to the center of the S1 endplate and a vertical
reference line was measured. Pelvic incidence (PI) was determined by measuring the angle
between a line joining the midpoint of the bilateral center of the femoral head to the center
of the S1 endplate, and a line orthogonal to the S1 endplate, as previously reported [7]. To
measure lumbar lordosis (LL), we assessed the angles between the first line parallel to the
upper endplate of L1 and the second line parallel to the superior endplate of the sacral base
on lateral views of the whole-spine radiograph. Then, PI-LL was used to evaluate spinal
sagittal alignment. For measuring the sagittal vertical axis (SVA), the horizontal distance
between the posterior-superior corner of the sacrum and a vertical line from the center of C7
was measured, as previously reported [8]. In accordance with the SRS-Schwab classification
scheme [9], patients were categorized using three sagittal spinopelvic modifiers, including
PT, PI-LL, and SVA. SVA > 40 mm, PT > 20°, or PI-LL > 10° was defined as spinal sagittal
malalignment. Based on these data, subjects were divided into a normal alignment group
and a sagittal malalignment group.

2.2.2. Clinical Outcome Evaluation

LBP was evaluated using the Japanese Orthopedic Association Back Pain Evaluation
Questionnaire (JOABPEQ), the Oswestry Disability Index (ODI), and the visual analogue
scale (VAS). JOABPEQ consists of five functional scores: pain-related disorders, lumbar
spine dysfunction, gait disturbance, social life dysfunction, and psychological disorders.
Each domain score ranges from 0 to 100, and higher scores corresponded to an improved
patient condition.
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In addition, HRQoL was evaluated using the MOS 36-Item Short-Form Health Survey
(SF-36). SE-36 consists of 8 subscales, as follows: physical function, PF; role physical, RP;
body pain, BP; general health, GH; vitality, VT; social functioning, SF; role emotional, RE;
and mental health, MH. The score for each domain ranged from 0 to 100, and higher scores
indicated a better condition.

2.3. Statistical Analysis

First, the prevalence of a spinal sagittal malalignment was evaluated based on the
number of VFs identified. Factors including age, BMD, serum levels of bone turnover
markers, and parameters of spinal sagittal alignment of the three groups of patients with 0,
1, and >2 VFs were compared using the Bonferroni test for multiple comparisons. Sex and
the spinal sagittal alignment differences were compared using the chi-squared test.

Characteristics of spinal sagittal malalignment evaluated in sagittal malalignment
and normal alignment groups in patients without VFs were compared. Leven’s test was
used to assess variance for variables of interest. To assess data with unequal variance, the
Mann-Whitney U test was applied. An unpaired ¢-test was used to assess data with equal
variance. All data were analyzed using IBM SPSS Statistics version 26 (IBM, Atmonk, NY,
USA), and p < 0.05 were considered significant.

2.4. Ethics

Ethical approval from Institutional Review Board in Kitasato University was obtained
for this study (Approval code, #B17-197), which was conducted in accordance with the
ethical principles specified in the 1964 Declaration of Helsinki and its later amendments.

3. Results

Characteristics of the patient population and BMD, serum levels of bone turnover
markers, and parameters of spinal sagittal alignment, are listed in Table 1. Spinal malalign-
ment was observed in 205 of 259 (79.2%) patients. BMDs of the FN and TH in the group
with >2 VF were significantly lower than those of the 0 group. The BMD of the TH in the
group with 1 VF was significantly lower than that of the 0 VF group (p < 0.05).

Table 1. The patient population of this study.

Total VF: 0 VFE: 1 VF: >2 Comparison
N 259 129 50 80 -
Sex (M:W) 48:211 18:111 9:41 21:59 N.S.
mean  SD mean SD mean  SD mean SD
Age 715 10.3 69.6 9.5 724 10.8 73.8 10.8 N.S.
LS 0783 0169 0776 0.166 0.786 0.153 0.791 0.185 N.S.
BMD FN 0.558 0.118 0586 0.122 0543 0.099 0522 0.113 VF:0vs. >2p <0.05
TH 0623 0132 0652 0136 0591 0126 059 0121 VF:0vs.1,0vs. >2p <0.05
Bone turnover BAP 14.8 12.5 14.2 14.6 15.3 10.0 15.5 99 N.S.
marker TRACP5b 407 244 390 198 406 231 436 309 N.S.
Spinal sagittal PT 24.8 11.9 224 11.2 26.2 10.4 27.6 13.3 VE:0vs. >2p <0.05
D PI-LL 151 213 131 203 165 184 17.6 244 N.S.
en SVA 60.4 68.4 48.6 64.8 69.1 62.8 74.0 74.5 VF:0vs. >2p <0.05
pain-related disorders 77.3 31.6 77.3 31.6 62.2 324 66.1 322 VF:0vs. 1,0vs. >2p <0.05
lumbar spine dysfunction 69.9 29.1 78.1 26.3 64.1 26.8 60.4 31.1 VE:0vs. 1,0vs. >2p <0.05
JOABPEQ gait disturbance 61.5 347 72.6 315 54.1 34.0 48.1 343 VF:0vs. 1,0vs. >2p <0.05

social life dysfunction 58.2 27.5 68.2 25.8 52.4 26.7 45.5 245  VF:0vs.1,0vs. >2p<0.05

psychological

disorders 49.6 17.3 54.7 17.3 442 159 449 158  VF:0vs.1,0vs. >2p<0.05

ODI
VAS

26.7 20.7 20.3 18.5 29.3 19.6 35.5 21.3  VF:0vs.1,0vs. >2p <0.05
3.3 3.8 2.6 24 3.7 3.0 42 5.5 VF:0vs. >2p <0.05
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Table 1. Cont.

Total VEF: 0 VE: 1 VE: >2 Comparison

PF 63.7 433 747 524 578 274 499 281 VE:0vs. >2p <0.05
RP 603 317 715 268 540 321 463 322 VF:0vs.1,0vs. >2p<0.05
BP 534 254 593 241 468 251 479 256 VF:0vs.1,0vs. >2p<0.05

SF-36 GH 449 168 482 158 424 180 412 169 VE:0vs. >2p <0.05

) VT 51.7 216 558 215 495 224 465 200 VE:0vs. >2p <0.05
SF 69.7 287 764 273 640 263 624 299 VF:0vs.1,0vs. >2p<0.05
RE 638 334 741 288 561 320 519 362 VF:0vs.1,0vs. >2p<0.05
MH 63.7 20.8 68.3 20.0 59.7 21.7 58.8 20.1 VF:0vs. 1,0vs. >2p <0.05

N % N % N % N %
normal alignment 54 20.8 36 279 7 14.0 11 13.8 <0.05
malalignment 205 79.2 93 72.1 43 86.0 69 86.3 p<®

BMD: body mass index, LS: lumbar spine, FN: femoral neck, TH: total hip, BAP: bone-specific alkaline phosphatase, TRACP5b: tartrate-
resistant acid phosphatase 5b, PT: pelvic tilt, PI-LL: pelvic incidence minus lumbar lordosis, SVA: sagittal vertical axis, VF: vertebral fracture,
JOABPEQ: Japanese Orthopedic Association Back Pain Evaluation Questionnaire, ODI: Oswestry Disability Index, VAS: visual analogue
scale of low back pain, SF-36: MOS 36-Item Short-Form Health Survey, PF: physical function, RP: role physical, BP: body pain, GH: general
health, VT: vitality, SF: social functioning, RE: role emotional, MH: mental health.

With regard to spinal sagittal alignment parameters, PT and SVA values of the >2
VF group was significantly higher than that of the 0 VF group (p < 0.05). No significant
differences between 0, 1, >2 VF groups were observed with regard to BMD, bone turnover
markers, and PI-LL (p > 0.05). The prevalence of a spinal sagittal malalignment in patients
with 0, 1, or >2 VFs was 72.1%, 86.0%, and 86.3%, respectively, and differences among the
three groups were determined as significant (p < 0.05) (Table 1).

With regard to LBP and the HRQoL score, all five domains of JOABPEQ, ODI, and
VAS, as well as all eight subscales of the SF-36 of the >2 VF group, were significantly
worse than those of the 0 VF group (p < 0.05). In addition, the values of all five domains
of JOABPEQ, ODI, RP, BP, SF, RE, and MH of SF-36 in the 1 VF group were significantly
worse than those in the 0 VF group (p < 0.05) (Table 1).

In a sub-analysis of patients without VFs, no significant differences were observed
between the sagittal malalignment group and the normal alignment group with regard to
age; LS, FN, and TH of BMD; or bone turnover markers, including BAP and TRACP5b
(p > 0.05) (Figure 1). In contrast, all five JOABPEQ functional scores (including pain-
related disorders, lumbar spine dysfunction, gait disturbance, social life dysfunction, and
psychological disorders) of the sagittal malalignment group were significantly lower than
those of the normal alignment group (p < 0.05) (Figure 2A). Furthermore, ODI and the
VAS values determined for LBP in patients without VFs were significantly higher in the
sagittal malalignment group than in the normal alignment group (p < 0.05) (Figure 2B,C).
Additionally, PE, RP, VT, RE, and MH of SF-36 values of the sagittal malalignment group
were significantly lower than those of the normal alignment group (p < 0.05) (Figure 3).

(years) A)Age (glom?) B) BMD (ugll) C) BAP
9% 12 20
o S Nomal . NS
4 NS
- 10
N.S. N.S. 5
60 08 -
0
50 Nomal Malalignment
06
40 (mUrdL) D) TRACP5b
800
30 04 NS,
600
20
02 40—
10 200
| 0 -
Nomal  Malalignment Ls FN TH Nomal  Malalignment

Figure 1. In patients without VFs, comparisons of (A) age, (B) BMD, (C) BAP, and (D) TRACP5b
values determined in patients of the normal alignment and sagittal malalignment groups are shown.
VE, vertebral fracture; N.S.: not significant; BMD, bone mineral density; BAP, bone-specific alkaline
phosphatase; TRACP5b, tartrate-resistant acid phosphatase 5b.
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Figure 2. In patients without VFs, comparisons of (A) JOABPEQ, (B) ODI, and (C) VAS of LBP for
patients of the normal alignment and sagittal malalignment groups are shown. VE, vertebral fracture;
LBP, low back pain; ODI, Oswestry Disability Index; JOABPEQ, Japanese Orthopedic Association
Back Pain Evaluation Questionnaire; VAS, Visual Analogue Scale, * p < 0.05.
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Figure 3. A comparison of MOS 36-Item Short-Form Health Survey scores of normal alignment and
sagittal malalignment groups in patients without VFs is shown. VF, vertebral fracture; PF: Physical
function, RP: Role physical, BP: Body pain, GH: General health, VT: Vitality, SF: Social functioning,
RE: Role emotional, MH: Mental health, N.S.: not significant, * p < 0.05.

4. Discussion

In the current study, the prevalence of spinal sagittal malalignment in osteoporosis
patients was determined to be 79.2%. Furthermore, as the number of VFs increased, the
prevalence of spinal sagittal malalignment also increased and LBP and HRQoL scores
worsened. Interestingly, more than 70% of osteoporosis patients without VFs had spinal
sagittal malalignment. Additionally, in patients without VFs, patients with spinal sagittal
malalignment had worse LBP and HRQoL scores than patients with normal alignment.

Regarding the relationship between VFs and spinal sagittal alignment, as the number
of VFs increased, the prevalence of spinal sagittal malalignment also increased, and LBP
and HRQoL scores worsened in this study. Mochizuki et al. previously reported that spinal
sagittal alignment is associated with age and VF in patients with rheumatoid arthritis [10].
In addition, osteoporosis patients with VFs have worse global sagittal alignment and a
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worsened quality of life [6]. Scaturro et al. reported that the severity of LBP is correlated
with the number of vertebral fractures [11]. These findings indicate that VFs are closely
correlated with sagittal spinal malalignment and affect LBP as well as HRQoL.

With regard to cause-and-effect relationships between VFs and spinal sagittal malalign-
ment, Zhang et al. reported that multiple VFs lead to spinal sagittal malalignment in
patients with osteoporosis [12]. In contrast, several authors reported that spinal sagittal
malalignment was a potential risk factor for increased VF incidence in patients with os-
teoporosis [4,13,14]. These findings indicate that VFs induce spinal sagittal malalignment;
spinal sagittal malalignment also leads to VFs in patients with osteoporosis.

In the current study, more than 70% of patients with osteoporosis without VFs had
spinal sagittal malalignment. In a longitudinal study with a minimum of 10 years of follow-
up, Takeda et al. reported that spinal sagittal malalignment, decreased lumbar lordosis,
and increased SVA were correlated with age in patients without VFs [15]. Regarding the
underlying mechanism of spinal sagittal malalignment in patients without VFs, several
authors reported a relationship between spinal sagittal malalignment and decreased mus-
cle mass in patients with spinal diseases [16,17]. Additionally, Scaturro et al. reported
that combination treatments with medication and postural training/resistance exercises
showed improvements in the pain and QoL for patients with osteoporosis undergoing
rehabilitation [18]. These findings indicate that decreasing muscle mass may induce spinal
sagittal malalignment.

In the current study, the majority of osteoporosis patients had spinal sagittal malalign-
ment. In recent years, several authors reported that long spinal fusion and corrective
surgery for spinal sagittal malalignment could be used to achieve good spinal alignment.
Improvements were due to recent, remarkable developments in surgical techniques and
spinal instruments and contributed to improvements in ADL and LBP outcomes [19,20].
However, high perioperative complication rates for long spinal fusion and corrective
surgery have been reported [21]. Therefore, performing the highly invasive and costly
surgery in all osteoporosis patients is not advisable. Alternatively, we should consider
early intervention for spinal sagittal malalignment in osteoporosis patients, which may
prevent the need for surgery to correct adult spinal deformity.

When investigating relationships between spinal sagittal alignment and LBP or
HRQoL, Schwab et al. reported that high SVA, PI-LL, and PT values induced the deteriora-
tion of HRQoL in elderly adult patients with spinal deformity and a defined SRS-Schwab
classification [9]. Similarly, the current study reported that osteoporosis patients with
spinal sagittal malalignment and a defined SRS-Schwab Classification had some reduced
HRQoL subscale values, including PF, RP, VT, RE, and MH. On the other hand, results of a
meta-analysis by Chun et al. indicated that LBP was strongly correlated with decreased LL,
especially when affected patients were compared with age-matched healthy controls [22].
Additionally, Miyakoshi et al. reported that decreased LL and the limitation of total spinal
extension are important risk factors for gait disturbance in patients with chronic LBP [23].
These findings indicate that osteoporosis patients with spinal sagittal malalignment, even
those without VFs, had worse HRQoL and LBP compared with patients with normal spinal
sagittal alignment. Further, spinal sagittal malalignment is a potential risk factor for LBP
and HRQoL in patients with osteoporosis.

The current study had some limitations. First, we did not evaluate medication sta-
tus, such as use of painkillers and osteoporosis medications. In addition, we included
patients with osteoporosis who first visited our department, although many patients had
already undergone an intervention during their consultation. Painkillers and osteoporosis
medication use might affect HRQoL as well as LBP. Second, this was a cross-sectional
study; therefore, we could not evaluate cause-and-effect relationships among spinal sagit-
tal malalignment, VFs, LBP, and HRQoL. Additionally, the patho-mechanism of spinal
sagittal malalignment in patients without VFs remains unclear. To further understand
these mechanisms, additional studies with larger sample sizes and a longitudinal design
are needed.
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5. Conclusions

The majority of patients with osteoporosis had spinal sagittal malalignment, and more
than 70% of patients without VFs, had spinal sagittal malalignment. Furthermore, patients
with spinal sagittal malalignment had worse LBP and HRQoL compared with patients with
normal spinal sagittal alignment. These findings suggest that spinal sagittal malalignment
is a potential risk factor for LBP and HRQoL in patients with osteoporosis.
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Abstract: The conus medullaris typically terminates at the L1 level; however, variations in its level
and the factors associated with the conus medullaris level are unclear. We investigated the level of
conus medullaris on magnetic resonance imaging in healthy volunteers. In total, 629 healthy adult
volunteers (>50 individuals of each sex and in each decade of age from 20 to 70) were enrolled. The
level of the conus medullaris was assessed based on the T2-weighted sagittal magnetic resonance
images, and factors affecting its level were investigated employing multivariate regression analysis
including the participants’ background and radiographical parameters. L1 was the most common
conus medullaris level. Participant height was significantly shorter in the caudally placed conus
medullaris (p = 0.013). With respect to the radiographical parameters, pelvic incidence (p = 0.003), and
pelvic tilt (p = 0.03) were significantly smaller in participants with a caudally placed conus medullaris.
Multiple regression analysis showed that the pelvic incidence (p < 0.0001) and height (p < 0.0001)
were significant factors affecting the conus medullaris level. These results indicated that the length
of the spinal cord varies little among individuals and that skeletal differences affect the level of the
conus medullaris.

Keywords: conus medullaris; height; pelvic incidence; magnetic resonance imaging; healthy volunteers

1. Introduction

The conus medullaris is located at the terminal end of the spinal cord. The lower-
most tapering extremity of the spinal cord is called the conus medullaris [1-6]. The
thoracolumbar junction includes the conus medullaris and cauda equina. Injury to these
neurological structures is associated with functional consequences. The conus medullaris
and cauda equina are a transition point from the central to the peripheral nervous system,
and injury to this point can result in a series of upper and lower motor neuron symptoms,
depending on the location of the injury.

Although its level varies between T12 and lower L2, it typically lies at the inferior
aspect of the L1 vertebra in adults [1-6]. The level of the conus medullaris is important
in spinal anesthesia and spinal surgeries. However, few studies have investigated the
factors affecting the conus medullaris level; sex, and age have been reported as potential
factors [5-8]. With respect to children, the conus medullaris is placed caudally to L2
vertebrae in children younger than 1 year of age; however, it is found in the lower third of
L1 after 1 year of age [6,8]. There remains controversy as to whether age affects the conus
medullaris level in adults [9], and the influence of sex is also controversial.

The problems with previous studies are that (1) few large-scale studies involving older
adults have been performed employing magnetic resonance imaging (MRI); (2) few studies
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have investigated the physical aspect of the participants, such as height and weight; and
(3) there are no reports on the relationship between spinal alignment on X-ray photographs
(Xp) and conus medullaris on MRI. Also, the significant factors affecting the level of the
conus medullaris in adults are unclear. The aim of the current study was to investigate
the levels of conus medullaris on MRI in healthy individuals and identify the factors
that determine the conus medullaris location, including body size and radiographical
spinal alignment.

2. Materials and Methods
2.1. Study Participants

Japanese volunteers were prospectively recruited after the purpose of this study was
officially announced and after obtaining institutional review board approval from the
Chubu Rosai Hospital (IRB approval no., 2009-2). Written informed consent was obtained
from all participants. As part of a comprehensive medical examination, the study was
conducted after consent was obtained from subjects who wanted spinal examinations.
Participants were offered free feedback on findings from spine radiographs and MRIs,
rather than monetary rewards. All of the included volunteers understood the negative
effects of radiation exposure and agreed to undergo an X-ray examination. We prospectively
recruited the subjects using newspaper advertisements and posters in facilities having
some sort of relationship with our hospital. The majority of the subjects were not patients
at our hospital but relatively healthy residents of the area. This study was registered in the
research database at the Rosai Hospital in Japan.

The exclusion criteria included a history of brain or spinal surgery; comorbid neuro-
logical disease, such as cerebral infarction or neuropathy; symptoms related to sensory or
motor disorders (numbness, clumsiness, motor weakness, or gait disturbances); intermit-
tent claudication; and severe low back pain. Visual analogue scale (VAS) measurements
of the lower back, buttock, and leg pain were taken before deciding on the inclusion of
patients in this study and excluded cases with severe pain anywhere above 80 mm as cases
with severe pain. Pregnant women and individuals who received worker’s compensation
or who presented with symptoms after a motor vehicle accident were also excluded. If
radiographic measurements of the sagittal parameters were difficult to assess due to lum-
bosacral transitional anomalies, the participants were also excluded. We also excluded
cases with a previous medical history of vertebral fracture, spinal infection, rheumatoid
arthritis, autoimmune diseases, or chronic renal failure. In contrast, we included cases with
diabetes mellitus or smoking history. Finally, 629 individuals with appropriate images
were enrolled: the study population included at least 50 participants of each sex and each
decade of age from 20 to 70. The study included 308 men (50 in their 20s, 51 in their 30s, 50
in their 40s, 56 in their 50s, 51 in their 60s, and 50 in their 70s) and 321 women (53 in their
20s, 50 in their 30s, 57 in their 40s, 51 in their 50s, 60 in their 60s, and 50 in their 70s).

2.2. Radiographical Examinations

We performed MRI scans on a 1.5-Tesla superconducting magnet (Signa Horizon
Excite HD version 12; GE Healthcare, UK). Scans were taken at slice thicknesses of 3 mm in
the respective sagittal planes. We obtained T1-weighted images (fast spin-echo repetition
time (TR), 450 ms; echo time (TE), 13 ms), and T2-weighted images (fast spin-echo TR,
4000 ms; TE, 85 ms). All images were transferred to the computer as Digital Imaging
and Communications in Medicine (DICOM) data. The tip of the conus medullaris can be
identified on midline sagittal T1- and T2-weighted MRI.

Furthermore, full-length, free-standing spinal radiographs with fists on the clavicles
were obtained from all the participants. All the images were transferred to a computer as
DICOM data. The sagittal vertical axis (SVA), cervical lordosis, thoracic kyphosis, lumbar
lordosis (LL), pelvic incidence (PI), and pelvic tilt (PT) were measured. Each parameter
was manually measured by experienced radiation technologists (single measurements by
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random raters) under the supervision of a certified spine surgeon, using imaging software
(Osiris version4; Icestar Media Ltd., Essex, UK).

2.3. Statistical Analysis

Each variable was reported as the mean =+ standard deviation. At first, we assessed
the standard distribution of each parameter (age, height, weight, BMI, and radiographical
parameters using the Kolmogorov-Smirnov test. After confirmation of the normal distribu-
tion, we employed the one-way ANOVA (post hoc Tukey) to investigate the differences for
each parameter at the different conus medullaris levels. The Chi-square test was used for
testing relationships between categorical variables. In addition, a multivariate regression
analysis was performed to determine the significant contributory factors at each level of
the conus medullaris. We employed the step-wise method for the multivariate regression
analysis and included factors with a p-value of <0.05. p-values of <0.05 were considered to
be indicative of statistical significance. All analyses were performed with the IBM SPSS
Statistics for Windows, Version 27.0 (IBM Corp., Armonk, NY, USA).

3. Results

The conus medullaris level was Th11-12, T12, T12-L.1, L1, L1-2, and L2 in 3 (0.5%), 46
(7.3%), 204 (32.4%), 288 (45.8%), 79 (12.6%), and 9 (1.4%) participants, respectively, and L1
was the most common level.

Next, we investigated the effect of the physique on the level of the conus medullaris.
The participants” heights were significantly shorter in the caudally placed conus medullaris
cases (163.7,163.9, 163.2,162.7, 159.5, and 157.4 cm in the Th11-12, T12, T12-L1, L1, L1-2,
and L2 conus medullaris levels, respectively; p = 0.013). On the other hand, there were no
significant differences related to gender (p = 0.48), body weight (p = 0.14) or body mass
index (BMI) (p = 0.96) (Table 1). Age was also not significantly different among the conus
medullaris levels (p = 0.86 in Table 1).

With respect to the relationship between the radiographical parameters and the conus
medullaris levels, PI (62.0°, 58.0°, 55.0°, 52.7°, 50.9°, and 49.6° in the Th11-12, T12, T12-L1,
L1, L1-2, and L2 conus medullaris level, respectively; p = 0.003) and PT (18.4°, 18.2°,15.7°,
13.9°,14.6°, and 12.4° in the Th11-12, T12, T12-L1, L1, L1-2, and L2 conus medullaris level,
respectively; p = 0.03) were significantly smaller in the participants with caudal cauda
equina (Table 2). The LL was smaller in the caudal levels of conus medullaris (56.7°, 52.1°,
50.5°,49.1°, 46.9°, and 46.0° in the Th11-12, T12, T12-L1, L1, L1-2, and L2 conus medullaris
level, respectively; p = 0.10), although the difference did not reach statistical significance.
However, there were no significant differences in cervical lordosis, thoracic kyphosis, or
SVA (Table 2).

In order to analyze the data in further detail, height, PI, and PT were divided into
categories and examined again (Table 3). With respect to the PI, there was a significant
difference (p = 0.045) when the conus medullaris was located in the cranial side in the case
of high PI, but there was no significant difference in the cases of other heights (p = 0.67)
and PT (p = 0.12).

Multiple regression analysis showed that PI (standardized (3 coefficient: —0.18, p < 0.0001)
and height (standardized (3 coefficient: —0.16, p < 0.0001) were significant factors affecting
the level of the conus medullaris, although age, sex, weight, BMI, and other radiographical
parameters were not significant.
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Table 1. The association between the conus medullaris level and patients” backgrounds.

T11-12 T12 T12-L1 L1 L1-2 L2 P
age (yr) 39.7+150 492+155 49.0+ 159 50.3 +17.0 49.6 £16.2 48.2 +234 0.86
gender (male/female) 0/3 20/26 96/108 146/142 41/38 5/4 0.48
height (cm) 163.7 £6.8 1639 £9.8 163.2 +£8.9 162.7 £ 8.7 159.5 + 8.9 157.4 +£10.8 0.013
body weight (kg) 60.7 + 8.1 603 +121 60.6 £124 59.9 +10.6 56.8 £12.1 543 £6.7 0.14
BMI 22.7 £2.7 223+35 22.6 +£34 22.6 £3.1 222 +37 220+24 0.97
yr: years of age, BMI: body mass index.
Table 2. The association between the conus medullaris level and radiographical parameters.
T11-12 T12 T12-L1 L1 L1-2 L2 P
CL (°) 8.7+ 85 4.04+15.0 3.34+108 45+125 39 +117 12.6 £9.1 0.29
TK (%) 43.7 +83 32.8 +14.9 32.5+£19.7 349 +14.6 30.0 £18.6 36.2 £ 6.0 0.19
LL (°) 56.7 £11.4 521+ 11.5 50.5 £ 119 491 £119 469 £14.3 46.0 £8.1 0.10
PI(°) 62.0 £ 12.2 58.0 £13.5 55.0 £12.0 52.7 £ 11.0 50.9 £11.5 49.6 £9.6 0.003
PT (°) 184 +7.8 182 +£9.5 15.7 £ 9.0 13.9 £8.2 14.6 £ 10.6 124 +7.8 0.03
SVA (cm) 21+49 3.0£5.0 12454 1.8+55 19+ 65 1.7+51 0.55

CL: cervical lordosis, TK: thoracic kyphosis, LL: lumbar lordosis, PI: pelvic incidence, PT: pelvic tilt, SVA: sagittal vertical axis.

Table 3. The distribution of each factor at the different levels of conus medullaris.

Total Number of

T11-12 T12 T12-L1 L1 L1-2 L2 P
Cases
Height
<150 cm 51 1 4 22 19 5 0
150 to 175 cm 530 2 37 167 248 68 8 067
>175 cm 48 0 5 15 21 6 1
PI
<30° 4 0 0 2 1 1 0
30-45° 139 0 7 41 69 19 3 0.045
45-60° 330 1 22 96 154 50 6 ’
>60° 156 2 17 64 64 9 0
PT
<20° 472 1 29 149 226 61 6
20-30° 127 2 14 40 54 14 3 012
>30° 30 0 3 15 8 4 0

Each number shows the number of cases. Statistical analysis was performed by using a Chi-square test.

4. Discussion

This study investigated the anatomical level of the conus medullaris and analyzed
factors associated with the conus medullaris levels in 629 healthy volunteers. In the present
study, the majority (92.2%) of the participants had the conus medullaris at the caudal level
of the T12-L1 disk, and the conus medullaris was located cranially to the T12 vertebral
level in only 7.8% of the participants. Among them, the T12-L1 disk and L1 vertebral body
were the most common conus medullaris levels, which were 32.4% and 45.8%, respectively.

Our study demonstrated that shorter height and smaller PI were significantly associ-
ated with a caudally placed conus medullaris. This result might indicate that the length of
the spinal cord varies little among individuals and that the skeletal difference affects the
conus medullaris level. In addition to height, PI was a key driver of the conus medullaris
level. Individuals with a larger PI typically have greater LL and thoracic kyphosis, and the
end of the spinal cord might be located more cranially in the twisted spinal canal. However,
as far as we know, there is no paper showing the relationship between the PI and the conus
level due to the lack of studies investigating the conus level by using both lumbar MRI and
X-rays. For this reason, the current results will need to be verified in future studies.
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The location of the conus medullaris varies by developmental stage [6,8]. At birth, the
cord fills the vertebral canal and terminates at the lumbosacral junction [8]. The distal end
of the spinal cord then moves toward the cranial direction with infant development [6,8],
probably because of the differential growth between the spinal column and spinal cord.
In adults, the tip usually terminates at the mid aspect of the L1 vertebra. However, its
position varies between the lower 11th thoracic and upper third lumbar vertebrae [5]. In
a cadaveric study, the spinal cord measured roughly 45 cm in the adult male and 42 cm in
the adult female [10]. The current results might indicate that the variation in spinal cord
length is limited, and the skeletal anatomy of height and spino-pelvic sagittal alignment
varies among individuals.

PIis one of the most important radiographical parameters in the case of spinal sagittal
alignment [11]. The PI increases during childhood as the spine adapts to bipedal walking
and stabilizes after adulthood [12]. PI strongly correlates with LL through the sacral
slope (SS), and the larger PI is associated with a larger LL. Despite its great importance,
PI varies from 33° to 85° among adults [13] and largely affects spinal sagittal alignment.
Recent retrospective studies suggested that distal LL (L4-S1) is comparable between low to
moderate and high PI groups. Proximal LL (L1-L4), however, is significantly influenced
by the PI value (greater PI, and greater proximal lumbar lordosis) [14,15]. Furthermore,
not only does the LL magnitude increase in cases of a larger PI but also the LL apex and
inflection point are located more toward the cranial side [14]. Thus, in cases with a large
PI the local lordosis around L1, where the conus medullaris is often located [1-6], might
be greater, and the conus medullaris might be located more toward the cranial side in the
twisted spinal canal. The present study did not measure local sagittal alignment around
L1, and so this discussion is only speculative. The relationship between PI and conus
medullaris needs to be further investigated.

Strengths and Limitations

A strength of this study was that it was a relatively large-scale study including >50
individuals of each sex and decade of age (20s-70s). Furthermore, both MRI and Xp were
obtained in all subjects. As a limitation of the current study, the participants were a single
race of Japanese. This limitation might affect the size and place of the spinal column
and spinal cord. An international large-scale multicenter study is warranted to validate
our results. As a second limitation, cases with lumbosacral transitional anomalies were
excluded in the current study, however, it is necessary to examine the level of conus in these
cases of transitional vertebra in the future. Lastly, we could not compare spinal alignment
and the level of conus medullaris by degrees of pain, although the degrees of pain might
affect the results. Future detailed studies assessing the pain are needed.

5. Conclusions

The majority of participants had the conus medullaris at the caudal level of the T12-L1
disk (92.2%), and the conus medullaris was located cranially to the T12 vertebral level
in only 7.8% of the 629 healthy volunteers. Lower height and smaller PI were associated
with the caudally placed conus medullaris; thus, skeletal differences were significantly
associated with the conus medullaris level.
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Abstract: Background: To analyze gender differences regarding the recovery experience (pain,
function, complications) after spinal arthrodesis surgery. Methods: Pre-operative and post-operative
gender-based differences in patient-reported outcomes for open posterior spinal arthrodesis at
6 weeks, 3 months, 6 months, and 1 year were studied, including age, comorbidities, body mass
index (BMI), diagnosis, number of vertebrae fused, type of surgery, primary vs. revision surgery, and
complications. Statistical analysis included the use of Student’s f-test, Chi square, linear regression,
Mann-Whitney U test, and Spearman’s rho. Results: Primary or revision posterior arthrodesis was
performed on 1931 consecutive adults (1219 females, 712 males) for deformity and degenerative
pathologies. At surgery, females were older than males (61.7 years vs. 59.7 years, p < 0.01), had
slightly more comorbidities (1.75 vs. 1.5, p < 0.01), and were more likely to undergo deformity
correction (38% vs. 22%, p < 0.01). Females described more pre-op pain (female VAS = 6.54 vs. male
VAS = 6.41, p < 0.01) and lower pre-op function (female ODI = 49.73 vs. male ODI = 46.52, p < 0.01). By
3 months post-op, there was no significant gender difference in VAS or ODI scores. Similar pain and
function scores between males and females continued through 6 months and 12 months. Conclusion:
Although females have more pain and dysfunction before undergoing spinal surgery, the differences
in these values do not reach the Minimum Clinically Important Difference (MCID). Post-operatively,
there is no difference in pain and function scores among males and females at 3, 6, and 12 months.

Keywords: gender differences; spine arthrodesis; spinal fusion; spine; deformity

1. Introduction

Historically, common stereotypes exist regarding the differences in how males and
females perceive pain. Females have been reported to describe higher levels of pain when
presented with equal amounts of thermal stimuli compared to males [1]. Females have also
shown a lower threshold for thermal pain and lower pain tolerance than males [2]. Tonelli
et al. reported female joint arthroplasty patients experienced more pain and dysfunction
than males, even in the setting of less severe osteoarthritis [3].

However, in the setting of low back pain, much is unknown regarding gender per-
ceived differences in pain and functional outcomes. Chenot et al. found that females had
a lower pain threshold and lower functional capacity than males with chronic low back
pain [4]. On the other hand, females with chronic low back pain treated with spinal fusion
have been shown to experience similar pain and functional outcomes when compared to
males [5]. For patients undergoing laminectomy alone or with fusion, similar ultimate
clinical outcomes have been reported without gender differences [6].
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Specifically, gender differences in pain perception and function after spinal fusion
surgery have not been studied in the setting of lumbar degenerative disease or thoracolum-
bar deformity. Consequently, gender-based outcome differences remain unclear in patients
undergoing spinal surgery for these conditions. The purpose of this study is therefore to
analyze how a patient’s gender impacts self-reported pain and functional recovery after
spinal arthrodesis surgery for thoracolumbar deformity and lumbar degenerative disease.

2. Materials and Methods
2.1. Patient Sample

This was a retrospective cohort study utilizing patient data from a single center’s
prospectively collected surgical database that received IRB exemption. Only adult patients
(>18 years old) undergoing open posterior instrumented arthrodesis were included in this
study. Included were both primary and revision surgeries of any length, with or without
interbody fusions, for lumbar degenerative conditions and thoracolumbar deformity. Pa-
tients without a minimum 1 year of clinical and radiographic follow-up data were excluded.
Trauma, tumor, and infection cases were additional grounds for exclusion. All surgeries
were performed by 5 fellowship trained spine surgeons.

A similar strategy for post-operative pain management and limited narcotic use was
used throughout this study, with an effort to have all patients off opiate analgesics by
3 months post-op. Post-operative bracing was optional and provided at the request of
individual patients. Post-operative physical therapy was typically instituted at 8-12 weeks
post-op, and continued for 4 weeks. All patients were placed on a home exercise program
after formal physical therapy was completed.

All patient demographic information and baseline characteristics including comor-
bidities, smoking status, body mass index (BMI), and indication for surgery were noted.
Surgical factors were additionally collected.

2.2. Outcome Measures

Clinical outcome measurements included the Visual Analogue Scale (VAS) and the
Oswestry Disability Index (ODI). These scores were collected pre-operatively, at 6 weeks,
3 months, 6 months, and 1 year after surgery. Radiographic data were additionally collected
at similar time points. Radiographic evidence of fusion included no implant-bone interface
lucency, apparent bridging bone either posterolaterally or through the interspace, and
no motion on flexion-extension radiographs at the 1 year post-operative follow-up. All
peri-operative complications were noted.

2.3. Statistical Analysis

Mann-Whitney U test, was employed to determine potential gender differences in
ODI and VAS scores. Student’s t-test was used to compare gender differences in age at the
time of surgery. Spearman’s rho analysis was used to determine the strength of association
between either VAS or ODI scores and a patient’s gender, BMI, and age. A Chi-Square test
was used to determine potential gender differences in the presence of complications, type
of diagnosis (degenerative vs. deformity), and number of comorbidities. Linear regression
models were used to estimate and compare the differential effects of a patient’s gender,
diagnosis (degenerative vs. deformity), age, number of comorbidities, BMI, levels of fusion,
revision status, and presence of complications on ODI and VAS scores over time. Statistical
significance was set at p < 0.01. All statistical analyses were conducted with IBM SPSS
Statistics for Windows (IBM Corp., Armonk, NY, USA).

3. Results
3.1. Patient Characteristics

A total of 1931 consecutive patients (female: 1219, male: 712) met inclusion criteria.
Mean follow-up was 84 months; range, 12-192 months) (Table 1). Males had a slightly
higher BMI than females (29.7 vs. 28.7; p < 0.01) and were more likely to require surgery
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for degenerative disease compared to other diagnoses (78% vs. 62%; p < 0.01) (Table
2). Females tended to be older than males at the time of surgery (61.7 years + 12.8 vs.
59.7 years &= 14.1; p < 0.01). In general, females had a greater number of comorbidities
compared to males (1.75 vs. 1.5; p < 0.01, Table 3). Comorbidities included in this study
were autoimmune disorders, gastrointestinal disorders, depression, fibromyalgia, and
thyroid disease. There was no difference in smoking status between groups (p > 0.01).

Table 1. Patient characteristics separated by gender.

- Male Female
Characteristics n=712 n=1219 p Value
Age (years) 59 £ 14.07 61 £12.83 <0.01
Pre-op BMI (kg/m?) 29.7 28.7 <0.01
Degenerative # 562 (78.9%) 765 (62.8%) <0.01
Deformity 150 (21.1%) 454 (37.2%) <0.01
Smoker 146 (20.5%) 154 (12.6%) NS
Revision Surgery 334 (46.9%) 552 (45.3%) NS
Prior Laminectomy 128 (18.0%) 167 (13.6%) NS
Prior Fusion 206 (28.9%) 385 (31.6%) NS
Deformity Average Levels Fused 8.20 8.64 NS
Degenerative Average Levels Fused 2.09 2.13 NS

# Degenerative pathology includes degenerative and spondylolisthesis diagnoses. NS = not statistically significant.

Table 2. Comparison of patient diagnosis by gender.

: s Male Female
Diagnosis n=712 n=1219 p Value

Degenerative 287 (40.3%) 324 (26.6%) <0.01

Spondylolisthesis 275 (38.6%) 441 (36.2%) NS
Adult Idiopathic Scoliosis 20 (2.80%) 135 (11.1%) <0.01
Degenerative Scoliosis 48 (6.74%) 162 (13.3%) <0.01
Scheuermann’s Kyphosis 18 (2.52%) 5 (0.41%) <0.01

Neuromuscular Scoliosis 2 (0.28%) 7 (0.57%) NS

Other Kyphosis 41 (5.76%) 77 (6.32%) NS
Kyphoscoliosis 21 (2.95%) 68 (5.58%) <0.01

Table 3. Patient comorbidities separated by gender.

Male Female

Comorbidities n=712 n=1219 p Value
Number of Comorbidities 1.50 £1.33 1.75 £ 1.42 <0.01

Rheumatoid Arthritis, Systemic o o

Lupus Erythematosus 34 (4.78%) 82 (6.73%) NS

Bowel/Bladder Dysfunction 33 (4.63%) 93 (7.63%) NS

Cancer 80 (11.2%) 127 (10.4%) NS

Stroke, Transient Ischemic Attack 18 (2.53%) 37 (3.04%) NS

Pulmonary 101 (14.2%) 223 (18.3%) NS

Vascular Disease 63 (8.85%) 145 (11.9%) NS

A total of 1045 patients (54.1%) underwent primary fusion (Table 1). There were no
statistical differences in levels fused between the two groups. On average, males with
deformity disease underwent 8.2 level fusions and females underwent 8.64 level fusions.
For degenerative disease, males underwent 2.09 level fusions and females underwent 2.13
level fusions.

3.2. Pain and Function

Females reported slightly higher pain scores pre-operatively (6.54 vs. 6.14; p < 0.01).
At 6 weeks post-op, females continued to describe marginally more pain than males (VAS
4.36 vs. 3.99; p < 0.01). By 3 months, there was no gender-based difference in pain scores
(female VAS: 3.73 vs. male VAS: 3.76; p > 0.01). Furthermore, there was no significant
gender difference in pain scores at 6 months (p > 0.01), or 1 year post-operatively (p > 0.01).
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Both male and female patients demonstrated significant clinical improvement in pain
scores by 1 year follow-up (Table 4).

Table 4. Visual Analog Scale (VAS) for pain pre-operatively and at 6 weeks, 3 months, 6 months, and
1 year post-operatively, separated by gender. Oswestry Disability Index (ODI) score pre-operatively
and post-operatively at 1 year, separated by gender.

Male Female Val
n=712 n=1219 p value
VAS pre-op (mean) 6.14 (std = 2.16) 6.54 (std = 2.12) <0.01
VAS 6 weeks (mean) 3.99 (std =2.32) 4.36 (std =2.29) <0.01
VAS 3 months (mean) 3.76 (std = 2.38) 3.73 (std = 2.32) NS
VAS 6 months (mean) 3.58 (std = 2.57) 3.61 (std =2.45) NS
VAS 1 year (mean) 3.50 (std =2.61) 3.47 (std =2.61) NS
Change in VAS frompre-op - 514 = 2 78) —3.06 (std = 2.82) <001
to 1 year
Pre-operative ODI (mean) 46.52 (std = 16.19) 49.73 (std = 16.44) <0.01
1 year post-operative _ _
ODI (mean) 29.9 (std = 21.6) 29.79 (std = 20.89) NS
Change in ODI from pre-op ;¢ o3 14— 1848)  —20.01 (std = 19.29) <0.01

to 1 year post-op

Females reported lower pre-op dysfunction scores (ODI scores, Table 4) when com-
pared to males (F = 49.73 vs. M = 46.52; p < 0.01). Functional improvements in both genders
were significant at 1 year (p < 0.01). At one year, there was no gender difference in ODI
scores noted (p > 0.01). Females experienced a slightly greater mean overall improvement
in ODI by 1 year (20 points in females vs. 16.6 points for males; p < 0.01).

3.3. Gender-Based Complication Rates

Comparing post-operative complications in our study group, there were no gender
differences in pseudarthrosis rates, re-operation rates, or other complications (Table 5).
Death is listed as a complication for any patient who died within 2 years of surgery.

Table 5. Complications separated by gender.

Male Female

Complications (1 =712) (= 1219) p Value
Nonunion 16 (2.25%) 53 (4.35%) NS
Adjacent Level Fracture 9 (1.26%) 23 (1.89%) NS
Implant Loosening 3(0.42%) 10 (0.82%) NS
Implant Failure 5 (0.70%) 9 (0.74%) NS
Neuro Deficit 7 (0.98%) 10 (0.82%) NS
Death 14 (1.97%) 21 (1.72%) NS
Deep Venous Thrombosis 3 (0.42%) 3(0.25%) NS
Pulmonary Embolus 1(0.14%) 4 (0.33%) NS
Deep Infection 22 (3.09%) 27 (2.21%) NS
Iliac Screw Removal 6 (0.84%) 28 (2.30%) NS
Revision Laminectomy 25 (3.51%) 46 (3.77%) NS
Revision Fusion 42 (5.90%) 97 (7.96%) NS

3.4. Predictors of Pain and Function

Predictors of pain and function were estimated through a linear regression model of
1 year post-operative VAS scores (Table 7) and ODI scores (Table 6), respectively. Separate
models were fit for each gender and prediction estimates were based on the parameter
coefficients (f3), with significant coefficients (p < 0.05) interpreted as the estimated change
in VAS or ODI for a unit change in the respective factor. As can be seen in Table 6, number
of comorbidities, type of diagnosis, presence of complications, and BMI were found to
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significantly contribute to female 1 year post-operative ODI scores, while number of
comorbidities, level of fusion, type of diagnosis, presence of complications, and BMI were
found to significantly contribute to male 1 year post-operative ODI scores. Likewise, as
shown in Table 7, number of comorbidities, presence of complications, BMI, and age were
found to significantly contribute to female 1 year post-operative VAS scores, while number
of comorbidities, level of fusion, type of diagnosis, presence of complications, and age were
found to significantly contribute to male 1 year post-operative VAS scores.

Table 6. Linear regression model of post-op ODI at 1 year for male and female.

Male 1 Year Female 1 Year
Post-Operative ODI Post-Operative ODI

B St;xl}:};rd p-Value B StaEl:g)arrd p-Value
Constant 11.562 5.866 0.049 15.711 4.109 <0.0005
Comorbidities 1.283 0.650 0.049 2.056 0.441 <0.0005

Level of Fusion (Single: 0, Multi: 1) 6.453 1.886 0.001 0.709 1.583 0.654

Diagnosis (Degen.: 0, Deformity: 1)  —4.282  2.094 0.041 —2.876 1.367 0.036
Complication (None: 0, 3440 1638 0036 4474 1188  <0.0005

omplications: 1)

Body Mass Index 0.483 0.151 0.001 0.481 0.095 <0.0005

Age at Operation —0.056  0.061 0.364 —0.082  0.048 0.088

Table 7. Linear regression model of post-op VAS at 1 year for male and female.

Male 1 Year Female 1 Year
Post-Operative Visual Post-Operative Visual
Analog Score Analog Score
B Stglrlgird p-Value B Staéli;rd p-Value
Constant 3.057 0.720 <0.0005  2.992 0.526 <0.0005
Comorbidities 0.213 0.079 0.007 0.229 0.056 <0.0005
Level of Fusion (Single: 0, Multi: 1)~ 0.475 0.231 0.040 0.179 0.203 0.377
Diagnosis (Dgzgep.: 0, Deformity: 1)  —0.732 0.255 0.004 —0.341 0.175 0.051
C"Cmphca?‘o‘? (None: 0, 0535 0200 0008 0359 0152 0.018
omplications: 1)
Body Mass Index 0.020 0.019 0.270 0.032 0.012 0.009
Age at Operation —0.016  0.007 0.035 —0.017  0.006 0.007

4. Discussion

Numerous studies suggest certain patient characteristics and comorbidities affect out-
comes after spinal fusion [7-12]. The few risk factors that have been shown to consistently
result in worse outcomes include BMI, age, cardiovascular disease, smoking, and receiving
worker’s compensation or disability benefits [7-10]. However, the effect of patient gender
on outcome after spinal arthrodesis has not been solidified.

In 2002, Gehrchen et al. conducted a retrospective review including 112 patients with
degenerative disc disease (DDD) and spondylolisthesis that showed female gender to be an
independent risk factor for a nonoptimal outcome after lumbar fusion [12]. In 2009, Ekman
conducted a randomized control trial that included 164 patients treated with spinal fusion
for spondylolisthesis that suggested females had worse PROs post-operatively [10]. In 1984,
when analyzing the outcomes after treatment for cervical disc disease, Eriksen et al. found
that females have more pain and dysfunction post-operatively after fusion surgery [13].

However, the results of our study align more closely to those of Triebel et al. and
Pochon et al. [5,6]. Triebel et al., in a study that included 4780 Swedish patients with lumbar
degenerative disc disease and chronic low back pain, found that Swedish women reported
similar pain and function outcomes to men after lumbar spinal fusion [5]. Additionally, a
2016 study by Pochon et al. that included 1518 patients found that females who underwent
decompression alone or decompression with fusion & instrumentation did not experience
a difference in outcomes when compared to men [6].

Our study shows that while females reported slightly more pain and worse function
than males at the time of surgery, by 3 months and beyond, no further gender differences
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in post-operative pain or function existed. Our findings support the ultimate conclusions
of gender outcome equality by Triebel et al. and Pochon et al. However, our study further
expands their findings to the realm of deformity surgery [5,6].

An important aspect to acknowledge when reviewing the results of our study is the
MCID for VAS back pain and ODI score. Previous studies have suggested that the MCID
for VAS and ODI are 2.1 and 14.9, respectively [14,15]. Both MCIDs are significantly higher
than the difference found in at any time point in our study. Therefore, the slightly increased
pain (F = 6.54 vs. M = 6.14; p < 0.01) and disability (F = 49.73 vs. M= 46.52; p < 0.01) that
females present with prior to undergoing spinal arthrodesis is not clinically relevant.

Similar results have been echoed in the total joint arthroplasty literature. For instance,
Holtzman and Katz showed that females have more pain and dysfunction prior to under-
going total joint arthroplasty. However, they found that females do not recover as well
post-operatively compared to their male counterparts [16,17]. Another finding of our study
was that females were slightly older than males when they underwent spinal arthrodesis
(61.7 years & 12.8 vs. 59.7 years + 14.1; p < 0.01). As far as we are aware, why females
wait longer and endure more pain before undergoing spine or total joint surgery has not
been well studied. Possible explanations for this phenomenon include that (1) females are
more reluctant to choose surgical intervention [18], (2) females spend more time gathering
information about risks and benefits [19], and (3) females are more likely than males to
be prescribed anti-depressants or referred to mental health before being offered surgical
intervention [2,20]. Another possible explanation for delayed spinal arthrodesis in females
is that many gender comparative studies performed prior to 2010 showed inferior outcomes
in females after spine surgery which may differentially impact the decision making from
the surgeon’s standpoint [9,10,12,13].

Given the higher comorbidity burden of females, it is surprising that they ultimately
achieved similar outcomes to males. There are several potential explanations. Physical
therapy use has been associated with improved outcomes after lumbar fusion [21], and cur-
rent literature shows that females are much more likely to utilize physical therapy [22,23].
Females are also more likely to follow-up with their physician after lumbar surgery [24].
Interestingly, a study analyzing patient compliance after total knee arthroplasty showed
that females are more like to be compliant when compared to males [25]. Female patients’
propensity to attend physical therapy and comply with a physician’s recommendation
may explain their increased margin of post-operative improvement compared to males.
Once again, it is important to note that although this margin of improvement is statistically
significant, it does not reach the MCID and, therefore, is unlikely to be clinically significant.

There are several limitations to this study. First, this study was retrospective in
nature. All patients underwent open posterior spinal arthrodesis and results may differ
for other approaches or decompression without fusion. Furthermore, patient-reported
pain and functional scores are individually subjective. Additionally, although our analyses
accounted for many variables, possible confounding variables that we were unable to
account for include patient expectations, the operating surgeon, physical therapy effort
by the patient, psychosocial factors, living environment, and psychological background.
Additionally, this study focused on general VAS scores for pain and did not distinguish
between back pain and leg pain. Additionally, the findings here are limited to a single
center’s experience and may not be broadly applicable.

5. Conclusions

Although females have more pain and dysfunction before undergoing spinal arthrode-
sis for thoracolumbar deformity and lumbar degenerative disease, the differences in these
values do not reach the Minimum Clinically Important Difference (MCID). Post-operatively,
there is no difference in pain and function scores among males and females at 3, 6, and
12 months.
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Abstract: Recently, an expandable cage equipped with rectangular footplates has been used for
anterior vertebral replacement in osteoporotic vertebral fracture (OVF). However, the postoperative
changes in global alignment have not been elucidated. The purpose of this study was to evaluate local
and global spinal alignment after anterior and posterior spinal fixation (APSF) using an expandable
cage in elderly OVF patients. This retrospective multicenter review assessed 54 consecutive patients
who underwent APSF for OVE. Clinical outcomes were compared between postoperative sagittal
vertical axis (SVA) > 95 mm and <95 mm groups to investigate the impact of malalignment. SVA
improved by only 18.7 mm (from 111.8 mm to 93.1 mm). VAS score of back pain at final follow-up
was significantly higher in patients with SVA > 95 mm than SVA < 95 mm (42.4 vs. 22.6, p = 0.007).
Adjacent vertebral fracture after surgery was significantly more frequent in the SVA > 95 mm (37%
vs. 11%, p = 0.038). Multiple logistic regression showed significantly increased OR for developing
adjacent vertebral fracture (OR = 4.76, 95% CI 1.10-20.58). APSF using the newly developed cage
improves local kyphotic angle but not SVA. The main cause for the spinal malalignment after surgery
was postoperative development of adjacent vertebral fractures.

Keywords: direct lateral corpectomy; expandable cage; global alignment; local kyphosis; osteoporosis
vertebral fracture

1. Introduction

Maintenance of global sagittal balance in the standing position is important for mini-
mizing energy expenditure and load on the musculoskeletal system [1]. Many mechanisms
work together to maintain balance in the normal spine and extremities, including some
compensatory mechanisms. However, once the compensatory mechanisms break down,
there is severe deterioration in the patient’s condition, pain, and reduction of quality of life
(QOL) [2]. Other reports have shown that osteoporotic vertebral fracture (OVF) is strongly
related to sagittal spinal imbalance in aged patients [3-5]. Several reports suggest that
reduced muscle volume (i.e., sarcopenia) is one of the major causes of sagittal imbalance,
causing reduction in the QOL of OVF patients [6-8]. Sarcopenia and osteoporosis show a
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high prevalence in old age and incur a high risk for falls, fractures, and further functional
decline [9]. The term osteosarcopenia has been proposed to describe individuals suffering
from both diseases [10]. With the aging of society and the associated increase in the amount
of osteosarcopenia [11], the number of patients presenting with problems associated with
an imbalanced sagittal spine is also likely to increase in the near future.

OVF mainly occurs at the thoracolumbar junction and negatively affects spinal align-
ment and QOL [5]. There are many surgical methods for the treatment of OVF, such as
vertebroplasty (VP), balloon kyphoplasty (BKP), anterior vertebral replacement and pos-
terior spinal fixation (APSF), and posterior osteotomy (PO) including posterior vertebral
column resection (pVCR) [12,13]. The choice of surgical method is based on the goal of
surgery, the patients’ symptoms, the degree of deformity, the global spinal alignment, and
the flexibility. However, few reports have described the correlation between local kyphotic
changes and changes in global alignment after OVF surgery.

Recently, a newly developed expandable cage equipped with rectangular footplates
has overcome the subsidence that is thought to be a disadvantage of anterior surgery
for OVE. In addition, recent advances in the lateral approach enable minimally invasive
anterior spinal reconstruction of thoracolumbar and lumbar lesions in elderly patients.
Taiji et al. in a cohort of 16 OVF patients treated with the wide-foot-plate expandable cage
reported a 30% correction loss (local kyphotic angle 22.6° before surgery, —1.5° immediately
after surgery, and 7.0° at the final observation) [14]. However, there have been no reports
about the changes in global alignment after anterior surgery for OVE. Our major clinical
question in this study was whether sagittal imbalance following OVF could be improved
by the anterior surgery or not. Therefore, the aim of this study was to report the correlation
between local kyphotic changes and global spinal alignment after APSF in elderly OVF
patients and to investigate the impact of global malalignment.

2. Materials and Methods

This multicenter retrospective cohort study was conducted at four institutions. Con-
secutive patients who underwent APSF for intra- or intervertebral instability after OVE
were reviewed retrospectively.

The following were required of all patients eligible for participation in this retro-
spective study. (1) Osteoporotic vertebral fracture; (2) Intra- or intervertebral instability;
(3) Neurologic deficit or severe back pain; and (4) Improvement of these symptoms in
the supine position. Finally, the patients who were followed-up for at least 1 year were
analyzed. Among them, patients with data of global spinal alignment before surgery and at
final follow-up were included in the analysis. This study was approved by the institutional
review board of our institution (approval no. 3170). The need to obtain informed consent
was waived based on the retrospective design and anonymization of patient identifiers.

Patients’ clinical records were reviewed for demographic data, instability type, op-
eration time (min), estimated blood loss (mL), performance status (PS, Common Toxicity
Criteria, version 2.0), comorbidities, and perioperative complications. Bone mineral den-
sity (BMD) at the femoral neck was determined using dual-energy x-ray absorptiometry.
Information on previous surgeries at the corpectomy site was obtained and divided into
lumbar decompression, VP/BKP, and posterior instrumentation. The severity of pain was
subjectively assessed by the patients on a visual analogue scale (VAS), which was based on
the average level of back pain that the patient felt over the previous week. The VAS was
measured before surgery and at final follow-up. The rate of minimal clinically important
differences (MCID) was evaluated. MCID score for lumbar fusion surgery [15] was used
(>21 mm) because there have been no reports about MCID for OVF treatment. The fracture
level was divided into thoracolumbar (T11-L2) and lumbar (L3-L5) regions.

Radiographic evaluation was performed via whole spine x-ray on all patients before
surgery and at final follow-up and included analysis of sagittal alignment (sagittal vertical
axis: SVA; pelvic incidence: PI; lumbar lordosis: LL; sacral slope: SS; pelvic tilt: PT;
thoracic kyphosis: TK; T1 pelvic angle: TPA) and incidence of cage subsidence. Local
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kyphotic angle was defined as the angle between the inferior endplate of the vertebra above
and the superior endplate of the vertebra below the fractured vertebra and was given a
negative value in patients with kyphotic deformity. Intravertebral instability was defined
as angular motion of the fractured vertebral body with intravertebral cleft between flexed
and extended positions. Intervertebral instability was defined as a change in disc height of
>2 mm with deformation of the vertebral body between flexed and extended positions.

2.1. Surgical Indications and Techniques

The patient was placed in a lateral position and a true lateral film was obtained with
fluoroscopy. The affected vertebral body and the upper and lower discs were exposed per
transthoracic retropleural or retroperitoneal approaches. After removal of discs above and
below the affected vertebral body and the ligation or coagulation of segmental vessels,
corpectomy was performed using a large osteotome. The cartilaginous endplate was care-
fully removed by a disc knife and ring curettage to prevent inadvertent endplate violation.
The vertebral segment was reconstructed with an expandable titanium cage comprising
rectangular footplates (X-Core2®; NuVasive, San Diego, CA, USA). Bone grafting was
performed inside and outside of the cage using artificial tricalcium phosphate particles,
resected vertebral body, and resected rib fragments. After position change, posterior percu-
taneous pedicle screw fixation (PPS) fixation was performed without decompression. The
range of posterior fixation was unregulated and depended on the surgeon’s preference.

2.2. Statistical Analysis

Clinical outcomes were compared between postoperative SVA > 95 mm and <95 mm
groups to investigate the impact of malalignment in patients who underwent this surgery [16].
In addition, baseline data, radiological parameters before surgery, and surgical compli-
cations were compared between SVA > 95 mm and <95 mm groups to investigate the
factors related to SVA > 95 mm. Multiple logistic regression analysis was used to calculate
odds ratios of variables for SVA > 95 mm. The model included age and variables with
p-values < 0.10 in univariate analysis. The data on medication for osteoporosis including
teriparatide, romosozumab, bisphosphonate, denosumab, and vitamin D within a month
before index surgery were collected. We divided them into two groups in the analysis:
bone-forming agents (teriparatide, romosozumab) and others.

Shapiro-Wilk tests were used to check normality assumptions for all parameters. The
normality was confirmed in all continuous variables except for the VAS of back pain. The
t-test (normality) or Mann-Whitney U test (non-normality) was used to compare contin-
uous variables. The x2 test or Fisher’s exact test was used for categorical variables. To
establish whether significant differences existed in postoperative clinical or radiologic out-
comes between the two group, a restricted maximum likelihood, mixed-model regression
was used. Statistical test results were considered significant for values of p < 0.05. All
p-values were two-sided. All analyses were performed using SAS version 9.4 (SAS Institute,
Cary, NC, USA).

3. Results

A total of 72 patients were enrolled in this study. Two patients were lost to follow-up
and one patient died two months after surgery due to pneumonitis. Fifteen patients were
excluded due to insufficient radiological data. Finally, 54 patients were included in the
analysis. Patients with a mean age of 76.3 years + standard deviation 6.1 were followed-up
for 25.3 months + 12.6. Twelve patients (22%) had a history of thoracic or lumbar surgery.
Regarding medication for osteoporosis, 32 patients (59%) were treated by teriparatide, 3
patients (6%) by romosozumab, 8 patients (15%) by bisphosphonate, 4 patients (7%) by
denosumab, and 7 patients (13%) by only vitamin D. Mean operative time and estimated
blood loss was 269.8 £ 79.8 min and 289.5 £ 289.5 mL, respectively. Regarding fixation
range, 32 patients (59%) were one above and one below fixation. Adjacent vertebral
fractures were observed in 11 patients (20%) after surgery.
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Table 1 shows the radiological parameters before and after surgery. Local kyphosis,
thoracic kyphosis, lumbar lordosis, SVA, TPA and PI-LL significantly improved at final
follow-up compared with before surgery, although there was no improvement in PT and
SS. Local kyphosis improved from —17.5 degrees to 4.1 degrees immediately after surgery
but was —0.6 degrees at final follow-up with 22.4% of correction loss. SVA was improved
by only 18.7 mm (from 111.8 mm to 93.1 mm).

Table 1. Comparison of local and global alignment pre- and postoperatively.

Mean (SD) p-Value

Local kyphosis

Preop —17.5 (19.2)

Immediate postop 41 (13.1)

Final —0.6 (14.8)

A (preop-final) 21.7 (13.3) <0.001

Correction loss (%) 224 (42.5) <0.001
TK

Preop 26.8 (17.1)

Final 32.8 (12.3)

A (preop-final) 6.1 (15.2) <0.001
LL

Preop 14.6 (16.9)

Final 25.5 (13.8)

A (preop-final) 10.9 (14.7) <0.001
SVA

Preop 111.8 (45.6)

Final 93.1 (46.6)

A (preop-final) 18.7 (56.7) 0.018
PT

Preop 28.4 (7.9)

Final 27 (8.2)

A (preop-final) 14 8) 0.209

S

Preop 21.5 9.8

Final 22.8 10.0

A (preop-final) 12 7.4 0.229
TPA

Preop 33.2 (10.4)

Final 30.1 9.3)

A (preop-final) 3.1 9.5) 0.019
PI-LL

Preop 35.1 (17.7)

Final 24.2 (14.4)

A (preop-final) 10.9 (14.7) <0.001

SD, standard deviation; TK, Thoracic kyphosis; LL, Lumbar lordosis; SVA, Sagittal vertical axis; PT, Pelvic tilt; SS,
sacral slope; TPA, T1 Pelvic Angle; PI-LL, Pelvic incidence- Lumbar lordosis.

Nineteen of the 54 patients (35%) showed global malalignment (SVA > 95 mm) post-
operatively. Table 2 shows a comparison of baseline data, radiological parameters before
surgery, and surgical complications between SVA > 95 mm and <95 mm groups. Adjacent
vertebral fracture after surgery was significantly more frequent in the SVA > 95 mm group
than in the SVA < 95 mm group (37% vs. 11%, p = 0.038). TPA before surgery tended to
be higher in the SVA > 95 mm group. Table 3 shows a comparison of clinical outcomes
between SVA > 95 mm and <95 mm groups. VAS of back pain at final follow-up was
significantly higher in patients with SVA > 95 mm than those in whom SVA was <95 mm
(42.4 vs. 22.6, p = 0.015). Regarding the MCID, the better improvement was also observed
in patients with SVA < 95 mm (83% vs. 58%, p = 0.046). Multiple logistic regression showed
a significantly increased odds ratio (OR) of adjacent vertebral fracture presence and TPA
increase (OR = 4.76, 95% CI 1.10-20.58 and OR = 1.07, 1.00-1.14, respectively) (Table 4).
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Table 2. Comparison between SVA > 95 mm and <95 mm groups by univariate analysis.

SVA > 95 mm (1 =19) SVA < 95 mm (1 = 35)
p-Value
Mean or N (SD or %) Mean or N (SD or %)

Age 76.9 (5.8) 76 (6.2) 0.577
Gender 13 (68) 26 (74) 0.646
Follow-up period (months) 28.9 (13.4) 23.3 (11.8) 0.121
BMD (T-score) —24 (0.5) —2.1 0.9) 0.251
Medication for osteoporosis

Teriparatide/Romosozumab 13 (68) 22 (63) 0.683
Previous surgery

Lumbar decompression 1 (5) 4 (11)

Vertebral augmentation 1 (5) 1 3)

Posterior instrumentation 1 (5) 4 (11) 0.781
Level

Thoracolumbar 10 (53) 17 (49)

Lumbar 9 (47) 18 (51) 1.000
Proximal fixation range

1 11 (58) 21 (60)

>1 8 (42) 14 (40) 1.000
Distal fixation range

1 13 (68) 24 (69)

>1 6 (32) 11 31) 1.000
Adjacent vertebral fracture 7 (37) 4 11 0.038
Infection 1 (5) 1 3) 1.000
Reoperation 3 (16) 2 6) 0.332
Cage subsidence 9 (47) 15 (43) 0.750
Local kyphosis preop —21.7 (15.3) —15.3 (20.8) 0.248
Local kyphosis at final FU -22 (12) 0.3 (16.2) 0.549
LL preop 9.8 (17.8) 17.2 (16) 0.126
PT preop 30.6 (7.7) 27.1 (7.9) 0.127
PI preop 52.1 (10.7) 484 9.5) 0.190
SVA preop 1224 (45.4) 106.1 (45.4) 0.217
TK preop 21.5 (16.6) 29.6 17) 0.100
TPA preop 36.9 (10.6) 31.2 9.9) 0.052

SD, standard deviation; BMD, Bone marrow density; TK, Thoracic kyphosis; LL, Lumbar lordosis; SVA, Sagittal vertical axis; PT, Pelvic tilt;
SS, sacral slope; TPA, T1 Pelvic Angle; PI-LL, Pelvic incidence- Lumbar lordosis.

Table 3. Comparison of clinical outcomes between SVA > 95 mm and <95 mm groups.

SVA > 95 mm (n = 19) SVA < 95 mm (n = 35)
p-Value
Mean or N (SD or %) Mean or N (SD or %)
PS improvement (N) 15 (79) 33 94) 0.087
JOA score
Preop 10.9 (5.1) 9.5 (4.8) 0.311
Final 19.2* (5.4) 20.5* 4.7) 0.361
Improvement ratio 46.1 (19.8) 54.8 (28.7) 0.248
VAS of back pain
Preop 73.7 (17.8) 77.3 (23) 0.301
Final 424* (28.7) 22.6* (23) 0.015
A (preop-final) 314 (23.2) 54.7 (30.8) 0.008
MCID (>21 mm) 11 (58) 29 (83) 0.046

SD, standard deviation; PS, Performance Status; JOA score, The Japanese Orthopaedic Association score; MCID, minimal clinically
important difference. * There were significant differences between preop and final scores of JOA score and VAS of back pain.
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Table 4. Adjusted odds ratio for SVA > 95 mm at final follow-up.

Adjusted OR * 95% CI p-Value
TPA preop (per 1 degree) 1.07 1.00 1.14 0.047
Adjacent vertebral fracture 4.76 1.10 20.58 0.037

TPA, T1 Pelvic Angle; OR, odds ratio. * The odds ratio was adjusted for age, preoperative TPA and adjacent
vertebral fracture.

4. Discussion

This is the first study to reveal details about changes in sagittal balance following
the minimally invasive procedure of corpectomy and reconstruction using an expandable
cage with rectangular foot plates (APSF). Although there was 22.4% correction loss, local
kyphotic changes using this system was 21.7°, which was better than the previous reports
for APSF [17-19]. As well, Kanayama et al. reported that 80% of patients with OVF
could be successfully treated using Kaneda instrumentation without the need for posterior
reinforcement [20]. However, nearly 40% of correction loss was observed at the final follow-
up. Suk et al. compared anterior-posterior surgery versus closing wedge osteotomy for
kyphotic OVF and reported that the correction loss of anterior-posterior surgery was 27.3%
with a mean blood loss of 2892 mL, whereas that of posterior closing wedge osteotomy was
10.8% with a mean blood loss of 1930 mL [21]. Posterior closing wedge osteotomy might
offer better kyphosis correction. However, the procedure is technically demanding with
more blood loss compared with the system in this study.

Although it is reported that anatomical and biomechanical restoration of vertebra
is an advantage of anterior surgery resulting from the placement of anterior struts, our
results indicated that restoration of sagittal alignment was not achieved by anterior surgery
with 1-2 level posterior fixation in OVF patients. The parameters of SVA and TPA were
used to evaluate sagittal spinal balance in this study. SVA increases with aging, and it is
affected by movement of the hip and knee joint, such as “sway back” TPA, which combines
information of SVA and PT and is a reliable indicator to address sagittal balance, including
pelvic inclination [22]. TPA in this series was 33.2° preoperatively and 30.1° postoperatively.
Thus, the improvement in TPA might not be significant. Ryan et al. demonstrated that
TPA > 20° was the severe deformity threshold [23]. The main reason for this observation
in our study was postoperative development of adjacent vertebral fracture. Low BMD,
older age, an upper instrumented vertebra (ULV) level at the thoracolumbar spine, and a
high preoperative SVA have been reported as risk factors for proximal junctional failure
following surgical treatment for adult spinal deformity [24]. In the current series, BMD,
medicine for osteoporosis, and level of surgery was not different between SVA > 95 mm
and SVA < 95 mm groups, probably because all the patients had comparatively severe
osteoporosis. Posterior tethers and vertebral augmentation might be effective in preventing
the failure of instrumentation, especially in patients with a high risk for proximal junctional
kyphosis [25].

The relationship between PI and LL (PI-LL) is also considered an important parameter
to evaluate sagittal spinal balance. Schwab et al. reported that SVA of 47 mm or more, PI-LL
> 11° or more, and PT < 22° predicted severe disability (ODI > 40) [26]. Yamato et al. [31]
described that the ideal LL angle can be determined using the equation ‘LL = 0.45 x PI +
31.8". Inami et al. [27] reported that the optimum value of PI-LL is inconsistent, in that it
depends on the individual PIL [28]. In this study, although PI-LL improved significantly
(from 35.1° to 24.2°), the final PI-LL did not reach the ideal value. In addition, the preoper-
ative decrease in SS did not change postoperatively, indicating absence of improvement
of pelvic retroversion. If lumbar lordosis is restored by surgery, the retroverted sacrum
must be improved to maintain spino-pelvic harmony. Otherwise, reciprocal changes in
the thoracic spine might develop to maintain sagittal balance [29,30]. Our results showed
an increase in TK from 26.8°to 32.8°, which concurred with the theory mentioned above.
This reciprocal change might be one of the reasons SVA did not change significantly in
the OVF patients in our study. Improvement of the retroverted sacrum requires extension
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of the hip joint, with the erector spinae and gluteus muscles playing an important role
in this action. In aged OVF patients, weakness of these muscles is responsible for the
pelvic retroversion [8,31]. The average age of patients in this study was 76.3 years; hence,
although we did not measure muscle volumes in these patients, they might have had
age-related muscle wasting and weakness. A retroverted pelvis can be managed surgically
by osteotomy of the lower lumbar vertebra or long fixation involving the pelvis. However,
these are extremely invasive surgeries and it is not clear whether such invasive correction
surgery is necessary for aged OVF patients.

SVA changed from 111.8 mm to 93.1 mm, which, although a statistically significant
change, might be an insufficient improvement to correct malalignment. Based on the
classification of Scoliosis Research Society [16], SVA (>95 mm) was reported as a risk factor
with the deterioration of QOL measures [32]. In the current study, the number of patients
who acquired one or more level improvement of PS was 15/19 (78.9%) in SVA > 95 mm and
33/35 (94.3%) in SVA < 95 mm groups, which although better in the SVA < 95 mm group,
was not significantly different. Postoperative VAS was better in the SVA < 95 mm than
the SVA > 95 mm group. As also reported by Hu et al. [5]. SVA correlated with back pain
in this study, which significantly improved after surgery. However, age and preoperative
comorbidities influence the complication rate in deformity surgery [33]. Thus, we thought
that the strategy for aged OVF patients should differ from those in ASD patients to relieve
pain and improve mobility. Our results also showed the significant improvement of JOA
score and VAS even in the SVA > 95 mm group compared with those before surgery. It is
not always necessary to restore sagittal imbalance in aged OVF patients to the same level
as in young people, although the clinical results are worse in patients with SVA > 95 mm.

There are some limitations to this study. First, the number of patients was small
because some patients were excluded due to lack of data from standing whole spine X-ray
films before surgery because of intractable back pain. Second, due to the lack of apparatus,
we did not take whole spine X-rays including the lower extremity. Hence, we could not
evaluate knee and hip joint flexion, which might have been used to compensate for sagittal
imbalance [34]. Despite these limitations, this is the first report describing the correlation
between anterior spinal surgery and changes in sagittal alignment, which might contribute
to preoperative planning in OVF patients. For further study, the prediction methods for
postoperative sagittal balance are necessary, since this might contribute to decision-making
in the surgical planning for OVF patients.

5. Conclusions

This study demonstrated the clinical and radiological outcomes of combined anterior—
posterior procedures via a lateral corpectomy, vertebral reconstruction using an expandable
cage with rectangular footplates and posterior percutaneous pedicle screw fixation. The
procedure, which includes short segment fixation, did not improve global spinal alignment
and pelvic retroversion. However, the procedure achieved significant reduction of local
kyphosis and VAS of back pain. This indicated that the procedure is effective in elderly
patients with severe back pain due to spinal deformity and instability caused by OVF
despite the global spinal malalignment.
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Abstract: Background: This study investigated how diffuse idiopathic skeletal hyperostosis (DISH)
influences clinical characteristics in patients with cervical ossification of the posterior longitudinal
ligament (OPLL). Although DISH is considered unlikely to promote neurologic dysfunction, this
relationship remains unclear. Methods: Patient data were prospectively collected from 16 Japanese
institutions. In total, 239 patients with cervical OPLL were enrolled who had whole-spine computed
tomography images available. The primary outcomes were visual analog scale pain scores and
the results of other self-reported clinical questionnaires. Correlations were sought between clinical
symptoms and DISH using the following grading system: 1, DISH at T3-T10; 2, DISH at both T3-10
and C6-T2 and/or T11-L2; and 3, DISH beyond the C5 and/or L3 levels. Results: DISH was absent
in 132 cases, grade 1 in 23, grade 2 in 65, and grade 3 in 19. There were no significant correlations
between DISH grade and clinical scores. However, there was a significant difference in the prevalence
of neck pain (but not in back pain or low back pain) among the three grades. Interestingly, DISH
localized in the thoracic spine (grade 1) may create overload at the cervical spine and lead to neck
pain in patients with cervical OPLL. Conclusion: This study is the first prospective multicenter
cross-sectional comparison of subjective outcomes in patients with cervical OPLL according to the
presence or absence of DISH. The severity of DISH was partially associated with the prevalence of
neck pain.

Keywords: cervical spine; clinical findings; computed tomography; diffuse idiopathic skeletal
hyperostosis; ossification of the posterior longitudinal ligament; pain; patient-reported outcomes;
whole spine

1. Introduction

Ossification of the spinal ligaments impairs spinal mobility and occasionally leads
to a spinal disorder [1,2]. Ossification of the posterior longitudinal ligament (OPLL) is
common in Asian countries and can cause severe myelopathy [3]. Diffuse idiopathic
skeletal hyperostosis (DISH), which is defined as ossification of the anterior longitudinal
ligament bridging at least four vertebral segments of the thoracolumbar spine [4,5], has also
been recognized as a pathological feature in patients predisposed to ossification and often
coincides with the presence of OPLL [6-10]. Although DISH has been widely regarded
as an asymptomatic disorder, it is unclear how it affects symptoms related to the whole
spine. Few studies have compared patients with and without DISH in terms of clinical
symptoms. Therefore, the Japanese Multicenter Research Organization for Ossification
of the Spinal Ligament (JOSL), established a nationwide patient registry to prospectively
collect the clinical and radiologic data, including whole-spine computed tomography (CT)
scans, of OPLL patients. Using data from this registry, this paper focuses on differences
in clinical and radiological findings between patients with and without DISH. We further
sought to identify any significant associations between clinical symptoms and the severity
of DISH in these patients based on patient-reported outcomes.

2. Materials and Methods
2.1. Patients and Methods

This multicenter prospective cross-sectional study used data from 16 member institu-
tions of the JOSL established by the Japan Ministry of Health, Labour, and Welfare. The
inclusion criteria were as follows: age >20 years; diagnosis of cervical OPLL based on
radiographic findings; symptoms such as neck pain and upper and/or lower extremity
numbness regardless of whether surgery was required, clumsiness, and gait disturbance;
a visit made to a participating institution for symptoms between September 2015 and
December 2017; and whole-spine CT scans available to determine the location of ossified
lesions in the spine. The only exclusion criterion was a history of cervical spine surgery
for OPLL. The study was approved by the institutional review board of each participating
institution and conducted in accordance with the relevant guidelines and regulations.
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2.2. Clinical Evaluation

Basic demographic and clinical data of patients were collected, including age, sex,
diabetes mellitus (DM) status, body mass index (BMI), and presence of neck pain, back
pain, and/or low back pain (LBP). Clinical status was evaluated using the following
measures: cervical Japanese Orthopaedic Association (JOA) score [11], which is used for
functional assessment of patients with cervical myelopathy, JOA Cervical Myelopathy
Evaluation Questionnaire (JOA-CMEQ) [12], which assesses the function of the cervical
spine, upper and lower extremities, and bladder as well as quality of life; and the JOA Back
Pain Evaluation Questionnaire (JOA-BPEQ) [13], which assesses lumbar spine function,
social dysfunction, mentality, locomotive function, and body pain. The degree of pain or
stiffness in the neck or shoulders, pain or numbness in the arms or hands, and LBP was
evaluated using a visual analog scale (VAS).

2.3. Radiologic Evaluations

CT images of the whole spine were collected for each patient. The images included
the cervical, thoracic, and lumbosacral segments, spanning the occipital bone to the sacrum.
The incidence of OPLL in the cervical spine from the clivus to C7 and in other spinal regions
from T1 to S1 was evaluated on mid-sagittal CT images. Blinded to clinical outcomes, six
senior spine surgeons (S.U., KM., SM., KK., N.N., and K.T.) independently evaluated
the images, as described previously [13]. OPLL was assessed as DISH if it completely
bridged at least four contiguous adjacent vertebral bodies anywhere in the spine based
on the criteria established by Resnick and Niwayama [5]. In accordance with a previous
report [10], DISH was classified as follows: grade 1, DISH at T3-T10; grade 2, DISH at both
T3-10 and C6-T2 and/or T11-L2; and grade 3, DISH extends beyond the C5 and/or L3
levels (Figure 1). To identify any significant differences in clinical findings, we compared
patients with and without DISH and those with DISH according to grade. In addition, the
ossification of the posterior longitudinal ligament index (OP-index), defined as the number
of levels with OPLL in the whole spine [6], was also calculated for each patient.

Figure 1. DISH grading system. (a) No DISH; (b) Grade 1 (bony bridge at T3-T6); (c) Grade 2
(T2-T12); (d) Grade 3 (C2-L5). DISH, diffuse idiopathic skeletal hyperostosis.

3. Results
3.1. Demographic and Clinical Data

The demographic and clinical characteristics of the patients are shown according
to DISH status in Table 1. There was no significant difference in age, BMI, DM status,
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or cervical JOA score between the group with DISH (n = 107) and the group without
DISH (n = 132). Table 1 shows the prevalence of pain and the JOA-CMEQ, JOA-BPEQ,
and VAS scores for each domain. There was no significant between-group difference in
these patient-reported outcomes except for lumbar spine function; however, there was a
significant difference in the OP-index value.

Table 1. Demographic and clinical data for patients with OPLL according to presence or absence
of DISH.

No DISH DISH

(n=132) (n =107) p-Value
Age (years) 60.9 + 11.6 67.6 +12.1 <0.001 ***
Male (%) 61.4 76.6 0.01*
Body mass index 26.1 +47 25.6 £4.2 0.38
Diabetes mellitus (%) 21.2 289 0.25
Cervical JOA score 12.5 (6-17) 11.9 (6-17) 0.22
OP-index 71405 105+ 0.6 <0.001 ***
Prevalence of symptoms (%)
Neck pain 59.8 58.9 0.94
Back pain 25.8 30.8 0.52
Low back pain 54.5 52.3 0.81
JOA-CMEQ score
Cervical spine function 68.5 £ 28.2 62.5 £ 28.8 0.10
Upper extremity function 81.8 + 20.6 78.0 +22.7 0.19
Lower extremity function 69.0 £29.5 62.3 £31.9 0.10
Bladder function 76.5 + 19.8 72.0 + 244 0.11
Quality of life 49.3 +20.0 50.7 4+ 20.0 0.60
JOA-BPEQ score
Lumbar spine function 72.3+28.2 62.5 + 35.0 0.02 *
Social dysfunction 57.7 £28.6 54.6 + 30.4 0.47
Mentality 493+195 49.0 £ 20.6 0.90
Locomotive function 67.1 + 33.0 60.6 + 37.7 0.19
Body pain 71.8 +32.7 69.6 + 34.9 0.63
VAS score
Neck pain 39.1+302 384 +32.5 0.83
Upper extremity numbness 47.5+£32.8 421 £338 0.20
Chest constriction 111 +£222 92 +213 0.48
Numbness below the chest 35.3 +32.7 39.0 + 35.6 0.41
Low back pain 25.8 +26.6 30.0 + 31.6 0.29
Lower extremity numbness 29.5 £327 32.8+35.1 0.47
Lower extremity pain 24.0 £30.5 22.0£299 0.57

Data are expressed as the mean =+ standard deviation or as the percentage. BPEQ, Back Pain Evaluation Question-
naire; CMEQ, Cervical Myelopathy Evaluation Questionnaire; DISH, diffuse idiopathic skeletal hyperostosis; JOA,
Japanese Orthopaedic Association; OP-index, ossification of the posterior longitudinal ligament index; OPLL,
ossification of the posterior longitudinal ligament; VAS, visual analog scale.; * Significant at p < 0.05; *** significant
atp <0.001.

3.2. Demographic and Clinical Characteristics by DISH Grade

Patient demographics are shown according to DISH grade in Table 2 and Figure 2.
There was a significant between-group difference in age (Figure 2a) but not in the sex
distribution. No significant between-group difference was found in BMI (Figure 2b), DM
status, or cervical JOA score among the three grades (Figure 2c). There was a significant
correlation between the OP-index and DISH grade (Table 2).
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Table 2. Demographics of patients with cervical OPLL according to DISH grade.

Grade 1 Grade 2 Grade 3 Val
(n=23) (n = 65) (n =19) prratue

Age (years) 65.4 £12.7 66.9 +£12.3 728 +£99 <0.001 ***
Male (%) 78.3 754 78.9 0.74
Body mass index 25.7 £5.0 259 £3.7 247 +£49 0.55
Diabetes mellitus (%) 30.4 32.3 15.8 0.41
Cervical JOA score 12.4 (7.5-17) 11.8 (—=2,17) 11.9 (6-16) 0.36

OP-index 87+1.1 104 £0.8 126 £1.0 <0.001 ***

Data are expressed as the mean + standard deviation or as the percentage, DISH, diffuse idiopathic skeletal hyperostosis; JOA, Japanese
Orthopaedic Association; OP-index, ossification of the posterior longitudinal ligament index; OPLL, ossification of the posterior longitudinal
ligament; *** significant at p < 0.001.
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Figure 2. Relationship between basic demographic and clinical findings and DISH grade. (a) Patient
age. (b) Body mass index. (c) JOA score. DISH, diffuse idiopathic skeletal hyperostosis; JOA, Japanese
Orthopaedic Association.
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3.3. Severity of DISH Was Not Associated with Myelopathic Symptoms or Lumbar Spine Function
in Patients with Cervical OPLL

The score for each item in the JOA-CMEQ and JOA-BPEQ was evaluated to assess
whether the severity of DISH in terms of cervical myelopathy and lumbar spine function
affects the ability to perform activities of daily living. There were no significant correlations
among the four groups for JOA-CMEQ scores (Figure 3a—e). Similarly, there were no
significant differences among the three DISH grades in terms of lumbar spine function,
social dysfunction, mentality, locomotive function, and body pain (Figure 4a—e).
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Figure 3. Relationship between JOA-CMEQ scores and DISH grade. (a) Cervical function. (b) Upper
extremity function. (c) Lower extremity function. (d) Bladder function. (e) Quality of life. DISH,
diffuse idiopathic skeletal hyperostosis; JOA-CMEQ, Japanese Orthopaedic Association Cervical
Myelopathy Evaluation Questionnaire.



J. Clin. Med. 2021, 10, 4137

a b
s
g 1004 §
E g
2 e
& 2
B
£ 3
3
c v hd T
X v )
&° gL & &
&0 % S S
C d
5 1004 i [T [11] e e
s CImoeamn [} Adkeats a \A A
c h A v
E 2 ommo 'Yy
g 2 T 4m -:;
g g 504 oogo A
o i ] ey
§ ooana aad v
oomno FYYYY
o ad vy
ooooa aa
0 - —baEgss ¢ i B aag
<>\6b obe\ 9&,"" 'bb‘b
& S o S
e
100+ oxmEmn — Ansuma  WWWW
£ *
g o » T % D No DISH
>
= q
S 50 Grade 1
o 50 O (111 assans Yy .
ooo FYY vy A Grade 2
. e . M V Grade3
X v S
3 'bgl 0& ’b&
& S I S

Figure 4. Relationship between JOA-BPEQ and DISH grade. (a) Lumbar function. (b) Social dysfunction. (c) Mentality.
(d) Locomotive function. (e) Body pain. DISH, diffuse idiopathic skeletal hyperostosis; JOA-BPEQ, Japanese Orthopaedic

Association Back Pain Evaluation Questionnaire.

3.4. Degree of DISH Correlated Negatively with Prevalence of Neck Pain but Not Back Pain or

LBP in Patients with Cervical OPLL

The prevalence of neck pain was significantly correlated with degree of DISH, but

back pain and LBP were not (Table 3). Furthermore, although there was no statistically
significant difference in LBP among the three grades of DISH, LBP tended to decrease with
increasing grade.
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Table 3. Prevalence of symptoms in patients with cervical OPLL according to DISH grade.

Grade 1 Grade 2 Grade 3

(n=23) (1= 65) (n=19) p-Value
Prevalence of symptoms (%)
Neck pain 78.3 56.9 36.8 <0.05*
Back pain 304 32.3 26.3 0.65
Low back pain 60.9 53.8 36.8 0.14

Data are expressed as the mean + standard deviation or as the percentage, DISH, diffuse idiopathic skeletal
hyperostosis; OPLL, ossification of the posterior longitudinal ligament; * Significant at p < 0.05.

VAS scores from the JOA-CMEQ and JOA-BPEQ were investigated to clarify the
relationship between degree of DISH and pain associated with cervical myelopathy. How-
ever, no significant difference was found in the VAS scores among the three DISH grades
(Figures 5 and 6).
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Figure 5. Relationship between the VAS scores included in the JOA-CMEQ and DISH grade. VAS scores for (a) neck pain,
(b) upper extremity numbness, (c) chest constriction, and (d) numbness below the chest. DISH, diffuse idiopathic skeletal
hyperostosis; JOA-CMEQ, Japanese Orthopaedic Association Cervical Myelopathy Evaluation Questionnaire; VAS, visual

analog scale.
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Figure 6. Relationship between the VAS scores included in the JOA-BPEQ and DISH grade. VAS
scores for (a) low back pain, (b) lower extremity numbness, and (c) lower extremity pain. DISH,
diffuse idiopathic skeletal hyperostosis; JOA-BPEQ, Japanese Orthopaedic Association Back Pain
Evaluation Questionnaire; VAS, visual analog scale.

4. Discussion

DISH is a systemic condition characterized by ossification of ligaments and entheses
throughout the body. Considered to be mostly an asymptomatic condition, DISH was
largely ignored by clinicians and researchers until the 1990s. However, it is now known that
DISH can sometimes result in specific symptoms, including back pain [14], stiffness [15],
reduced range of articular motion [4] and dysphagia [16]. Notably, energy cannot be dis-
tributed over multiple segments in patients with DISH. Therefore, even minor trauma can
lead to an unstable spinal fracture. A retrospective study [17,18] reviewed 289 patients with
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DISH-related spinal fractures and demonstrated that these fractures frequently resulted in
spinal cord injury and were sometimes associated with mortality. That study also found
that the diagnosis was often delayed, leading to unexpected impairment of neurologic
status, especially in patients with a thoracolumbar fracture. Therefore, it is important to
recognize the presence of this pathology and the associated risks even after minor trauma,
given that DISH creates longer bony lever arms, which increase spinal instability at the
fracture site when a fracture occurs.

Patients with cervical OPLL often have ossification of other spinal ligaments, includ-
ing the ligamentum flavum, anterior longitudinal ligament, and the interspinous and
supraspinous ligaments. In earlier studies [4,19-22], 25-50% of patients with cervical
OPLL had DISH. A previous retrospective study by our group [10] revealed that DISH was
distributed primarily in the middle thoracic spine in younger patients but could extend
to the cervical and/or lumbar spine in older patients. Toyoda et al. [23] reported that
the prevalence of DISH increased with age in whole-spine radiographs of 345 patients in
whom spinal surgery was required. Older patients in the present study also had a more
severe DISH grade. Although a further longitudinal study is needed, the evidence to date
suggests that ossification of the anterior longitudinal ligament might progress gradually
from the thoracic spine to the cervical spine and lumbar spine with aging.

DISH has been recognized to be not only a structural abnormality in the human
thoracic spine but also a result of metabolic syndrome. Okada et al. [24] compared subjects
with and without DISH and demonstrated that the prevalence of metabolic syndrome
was significantly higher in patients with DISH than in those without DISH (28.9% vs.
16.0%). Furthermore, using abdominal CT, Lantsman et al. [25] showed that areas of
visceral fat were larger in patients with DISH than in healthy controls. Although there
were no significant associations in terms of the prevalence of DM between patients with
and without DISH or among the three grades in the present study, the onset and extent of
DISH may be associated with a systemic metabolic disorder.

This prospective multicenter study is the first to investigate subjective outcomes in
patients with cervical OPLL according to DISH status. Although we collected patient-
reported outcomes for activities of daily living, we found no DISH-related differences
in patients with cervical OPLL. These findings are consistent with the opinion of some
clinicians that DISH should be considered a state rather than a disease [26]. DISH may be
present not only by itself but can also accompany ossification of other spinal ligaments
that often lead to spinal cord disorders [13,27]. Therefore, in the present study, to reduce
selection bias in this regard, we enrolled only patients with cervical OPLL. Therefore, we
believe that DISH does not directly impair neurologic status or quality of life.

Several studies have investigated the association between presence of DISH and phys-
ical pain. Mata et al. [28] compared clinical symptoms in 56 patients with DISH, 43 control
patients with lumbar spondylosis, and healthy volunteers and demonstrated that patients
with DISH were more likely to report a history of upper extremity pain, medial epicondyli-
tis of the elbow, enthesitis of the patella or heel, and dysphagia than were patients with
lumbar spondylosis. They also reported that neck rotation and thoracic movements were
more limited in the patients with DISH than in the patients with spondylosis or the healthy
controls, and lumbar movement was more restricted in the patients with DISH than in the
healthy controls. However, the findings of a similar study were contradictory. Schlapbach
et al. [29] demonstrated that the radiological findings for DISH were not associated with an
increased frequency of back pain and had no clinical relevance. Moreover, Holton et al. [30]
randomly collected data for 298 elderly men from a surveillance cohort of 5995 men and
demonstrated that the frequency of LBP was reduced in 126 men with DISH compared
with 172 men without DISH based on North American Spine Society questionnaires for
back and neck pain. We have also shown that patients with continuous OPLL are less likely
to have neck pain than those with other types of ossification in which the cervical spine
has more mobility than in continuous OPLL [27]. Similarly, the present study revealed that
the prevalence of neck pain decreased with increasing DISH grade. Given that patients
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with DISH are often found to have ossification of other spinal ligaments, the structural
change caused by DISH alone cannot always explain their clinical status. Indeed, in this
study, there was a significant increase in the OP-index value with increasing DISH grade,
which may be a confounding factor. However, the present findings suggest that segmental
motion at unstable intervertebral levels rather than bony bridging segments is likely to
cause pain and that neck pain is likely to be less severe in patients with a more severely
ankylosed spine (DISH grade 3) than in those with a less restricted spine. Therefore, DISH
localized in the thoracic spine (grade 1) may create overload at the cervical and lumbar
spine and lead to neck pain and LBP.

This study has several limitations. First, it was a cross-sectional cohort study of a
specific disease and not population-based. Second, the study was not longitudinal and
thus cannot reach conclusions on causality. Third, the presence of DISH was evaluated
only on reconstructed sagittal CT images with no review of bony bridges at the lateral
portion of the intervertebral segments. Fourth, we could not determine whether mobility
of the segment adjacent to DISH affects neck pain or LBP. Fifth, the JOA-CMEQ could
not evaluate pain states in detail. Further studies are required in the general population
to clarify these clinical questions and eliminate confounding factors in terms of each
spinal ligament. However, despite these limitations, we believe that our findings provide
important information on the clinical features of DISH in patients with cervical OPLL.

5. Conclusions

This study is the first prospective multicenter cross-sectional comparison of subjective
outcomes in patients with cervical OPLL according to the presence or absence of DISH.
There were no significant correlations between DISH grade and clinical scores. However,
there was a significant difference in the prevalence of neck pain among the three grades,
albeit not in the prevalence of back pain or LBP. Interestingly, DISH localized in the thoracic
spine (grade 1) could create overload at the cervical spine and lead to neck pain in patients
with cervical OPLL.
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Abstract: Low back pain (LBP) is one of the main etiologies of disability in daily life. In the face
of LBP increases in super-aged societies, there are serious concerns of escalating medical costs and
deteriorations in the social economy. It is therefore important to identify the factors associated with
LBP for prompt preventative and therapeutic measures. This study investigated the prevalence of
LBP and the impact of subject-specific factors on LBP development in Japanese community-dwelling
older adults. We established eight groups based on age (50’s, 60’s, 70’s, and 80’s) and gender after
random sampling from a resident registry. A total of 411 participants (201 male and 210 female) were
enrolled for a whole-spine lateral radiographic examination and dual-energy X-ray absorptiometry.
All subjects were evaluated for the presence and degree of LBP. We analyzed the impact of clinical
factors on LBP using multivariate analysis. Fifty-three (12.9%) participants (23 (11.4%) male and 30
(14.3%) female) were found to have LBP. The prevalence of LBP tended to increase with age, and
similar results were found between genders. In univariate analysis, the subject-related factors of
the sagittal vertebral axis, pelvic incidence minus lumbar lordosis (PI-LL) mismatch, and aging had
significant associations with LBP. PI-LL mismatch was a significant independent factor in multivariate
analysis. In conclusion, this study identified LBP prevalence and subject-specific factors on a general
population basis. Multivariate analysis revealed PI-LL mismatch as an independent factor associated
with LBP in the healthy community-dwelling elderly.

Keywords: low back pain; prevalence; influence factor; spinal alignment; aging

1. Introduction

As the elderly rate reached 28% of the Japanese population in 2019 (Ministry of
Internal Affairs and Communications, Statistics Bureau, Population Census), it has become
of social importance to clarify the impact of aging in order to extend healthy life expectancy.
Low back pain (LBP) is one of the main etiologies of disability in daily life [1]. The lifetime
prevalence of LBP is reportedly 80% [2] and has been found to increase with age [3].
Furthermore, LBP may cause depression in the elderly, which has a significant impact on
quality of life [4]. LBP was shown to be associated with depression both in the elderly
and in middle-aged individuals in the prime of their working life [5,6]. Not only does
back pain lead to high medical costs, but the economic and social losses from LBP are
considered enormous [7]; in the U.S., the financial loss to LBP has been calculated as up to
120 billion dollars yearly [7]. Several risk factors for LBP have been suggested, including
old age, occupation, a sedentary lifestyle, obesity, spinal malalignment, pregnancy, and
smoking [8,9]. However, those with the strongest influence on LBP onset remain unknown.

In the present population-based study of the elderly in Japan, we adopted random
sampling from the basic resident registry of a suburban town to minimize selection bias
and obtain cohort data that more closely resembled the general Japanese population. This
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epidemiological study was coined “the Obuse study”, bearing the name of the cooperating
local government. We have employed the Obuse study cohort for research on various
musculoskeletal disorders [10-15].

Japan is currently facing a super-aged society unparalleled in the world, with serious
concerns of escalating medical costs and significant losses in the social economy [16]. There-
fore, it has become paramount to identify the factors associated with LBP development
for appropriate early action. This investigation aimed to determine the prevalence of LBP
in older Japanese adults using the Obuse study cohort and identify the impact of subject-
specific factors, including age, sex, body mass index (BMI), lifestyle habits, comorbidities,
and spinal alignment.

2. Methods
2.1. Study Design

Japanese resident cross-sectional study based on a municipal registry.

2.2. Settings

This study was conducted at a hospital in the town of Obuse from October 2014 to
June 2017.

2.3. Bias

In order to minimize selection bias, we randomly selected candidates from the basic
town resident registry.

2.4. Study Size

Assuming that the frequency of back pain in the comparison group was between 5%
and 20%, sample size calculation estimated that 89 subjects per group would provide 80%
statistical power (1 minus beta) with an alpha equal to 0.05. After estimating the possible
cohort size in consideration of budget, time, and burden on subjects and research staff, we
planned to establish eight groups by age (50’s, 60’s, 70’s, and 80’s) and gender (male and
female) containing approximately 50 subjects each for a total of at least 400 subjects.

2.5. Data Source

The subject selection process in this study has been previously reported [10]. Briefly,
we randomly sampled for candidates from the basic resident registry of the Obuse town
(population: 11,326 in 2014). Sampling was conducted until the number of individuals
providing consent for study participation reached the target number. A total of 1297
individuals were randomly selected from 5352 people aged between 50 and 89 years in the
basic resident registry of the Obuse town in 2014 (Figure 1) [10]. Of them, 882 people were
unwilling to participate for undisclosed reasons and excluded from this study.

2.6. Participation

After providing written consent, 415 subjects were enrolled in the Obuse study. The
inclusion criteria were residents aged 50-90 years who were randomly selected by town
administrative staff from the Obuse resident registry and who consented to participate in
the study. The exclusion criteria were subjects with acute LBP, vertebral fracture, spinal
infection, or spinal tumor within 3 months prior to the study, as well as those unable
to undergo whole-spine radiographs in a standing position. Four people with missing
radiographic data were excluded, leaving a total of 411 (201 male and 210 female) Japanese
participants. All subjects were measured for physical characteristics and lifestyle habits.
The baseline characteristics of the cohort are summarized in Table 1. The protocol of the
investigation was approved by our Institutional Review Board (no. 2792). This study was
reported in accordance with the STROBE guidelines.
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Hypothesis: Subject-specific features may have a strong impact on the risk of low back pain development

Residents in their 507s, 60’s, 70°s, and 80’s in the basic registry of Obuse town
(N =5326)

Nomn-selection by random selection
(N =4029)

Mailing to randomized sample

(N =1297)

Non-participants
(N =2882)

Participants of Obuse study cohort
(N =415)

Lack of radiographic data
N=4

Analyzed subjects in the study
(N=411)
Underwent a single whole-spine lateral radiography
Underwent dual-energy X-ray absorptiometry
Evaluated for the degree of low back pain by visual analog scale scores

Figure 1. Obuse town resident participant flowchart.

Table 1. Baseline characteristics.

Gender AgeGroup N BN e Mem (oD, e 309 Mean(SD)  tos 509
Male 50's 49 171.8 (6.0) 67.1(9.1) 22.7 (2.9)
60's 53 166.7 (4.7) <0.01 669 (7.7) 0.94 241 (2.7) 0.01
70's 54 163.1 (5.0) <0.01 59.9 (10.3) <0.01 224 (3.5) 0.68
80's 45 160.1 (5.7) <0.01 57.5 (8.5) <0.01 224 (2.8) 0.54
Total 201 165.5 (6.8) 63 (9.8) 229 (3.1)
Female 50's 47 158.1 (4.9) 55.4 (9.0) 222 (3.8)
60's 61 152.8 (5.4) <0.01 522 (7.6) 0.06 223 (2.8) 0.86
70's 54 149.7 (5.3) <0.01 505 (7.9) <0.01 22.5(3.2) 0.68
80's 48 144.6 (5.9) <0.01 483 (7.9) <0.01 23.1 (3.3) 0.21
Total 210 151.3 (7.1) 51.6 (8.4) 225 (3.2)

BMI: body mass index, SD: standard deviation.

2.7. Variables
Analyzed variables included age, gender, height, weight, BMI, smoking, visual analog

scale (VAS) score for low back pain, spinal alignment parameters, bone mineral density
(BMD), and skeletal muscle mass index (SMI).

2.8. Measurement
2.8.1. Measurements of Spinal Alignment

All subjects underwent a whole-spine lateral radiographic examination in a standing
position with the hands on the clavicles [17] for the measurement of the sagittal vertical
axis (SVA) as an indicator of total spinal alignment as well as pelvic incidence (PI) and
lumbar lordosis (LL). A PI minus LL (PI-LL) mismatch was defined as PI-LL >10° [18].
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The spinal alignment measurements were performed by 2 board-certified spine surgeons
and a trained staff member. The calculated inter-rater reliability scores for each parameter
were 0.95 for SVA, 0.80 for PI, and 0.65 for LL [10]. The calculated intra-rater reliability
scores for each parameter were 0.91 for SVA, 0.97 for PI, and 0.96 for LL. For validity, our
previous study demonstrated that our measurements were comparable to those of previous
reports [10].

2.8.2. Evaluation of BMD and SMI

All subjects underwent dual-energy X-ray absorptiometry (GE Prodigy, GE healthcare,
Chicago, IL, USA) of the lumbar spine. Osteoporosis was defined as a T-score < —2.5 [19].
Skeletal muscle mass was calculated as the sum of the skeletal muscle mass of the arms
and legs, assuming that the mass of lean soft tissue was representative of skeletal muscle
mass. SMI was calculated as four-limb lean soft tissue mass in kilograms divided by height
in meters squared.

2.8.3. Clinical Evaluation of Subjects

All subjects were evaluated for the degree of LBP by VAS scores (0-100 mm). In this
study, subjects with moderate to severe LBP, defined as VAS > 50 mm, were considered as
having LBP [20].

2.9. Statistical Methods

Welch'’s t-test was used to compare the mean values of continuous variables. Fisher’s
exact test was adopted to evaluate the differences between categorical variables. We em-
ployed a logistic regression model with the existence of moderate or severe LBP (i.e., VAS
> 50 mm) as a response variable and subject-specific factor candidates as explanatory
variables. Univariate and multivariate analyses using the forced entry method included the
factors of sex, BMI, SMI, smoking, BMD, osteoporosis (i.e., T-score < —2.5), SVA >50 mm,
PI-LL mismatch, and aging as potential confounding factors of LBP according to previous
reports [8,9]. Factors with p < 0.2 in the univariate analysis were included in the subsequent
multivariate analysis with a stepwise algorithm. All statistical analyses were performed
using EZR software (Saitama Medical Center, Jichi Medical University, Saitama, Japan), a
modified graphical user interface of R commander (The Foundation for Statistical Comput-
ing, Vienna, Austria) designed to add statistical functions frequently used in biostatistics.
The level of significance was set at p < 0.05.

3. Results
3.1. Descriptive Data

The prevalence of LBP in the cohort is summarized in Table 2.

Table 2. Prevalence of low back pain.

Age Group Male ("7’ -Svasl;:) Female ("’7 -sVasloltse)
50’s 6.1% (3/49) 17.0% (8/47)
60’s 5.7% (3/53) 1 6.6% (4/61) 0.14
70’s 14.5% (8/55) 0.34 14.8% (8/54) 1
80’s 20.0% (9/45) 0.12 20.8% (10/48) 0.79
Total 11.4% (23/201) 14.3% (30/210)

3.2. Outcome Data

A total of 53 (12.9%) participants (23 (11.4%) male and 30 (14.3%) female) were found
to have LBP among subjects randomly selected from the basic resident registry of a suburb
town. There were no cases of acute LBP at the time of data acquisition. The prevalence of
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LBP for the 50’s, 60’s, 70’s, and 80’s age groups was 6.1%, 5.7%, 14.5%, and 20.0% in men
and 17.0%, 6.6%, 14.8%, and 20.8% in women, respectively. The prevalence of LBP tended
to increase with age, with the exception of 50’s women. Similar results were observed
between genders.

3.3. Main Result

In univariate analysis, the subject-specific factors of SVA, PI-LL mismatch, and aging
had significant associations with LBP, while those of sex, BMI, BMD, SMI, and smoking did
not. PI-LL mismatch was the only significant independent factor according to multivariate
analysis, with an odds ratio of 1.91 (Table 3).

Table 3. Effects of subject-specific factors on low back pain.

Factor Univariate Analysis Multivariate Analysis
Soecy  pvame  GRIE® e
Sex (male) 1.29 (0.72-2.31) 0.39
BMI 1.05 (0.96-1.15) 0.26
SMI 1.04 (0.77-1.40) 0.81
Smoking 0.77 (0.42-1.41) 0.40
BMD 1.04 (0.33-3.26) 0.95
Osteoporosis 0.61 (0.08-4.79) 0.64
SVA >50 mm 2.3 (1.2-4.4) 0.011
PI-LL mismatch 2.18 (1.22-3.91) <0.01 1.91 (1.03-3.55) 0.041
Age (vs. 50's)
60’s 0.51 (0.19-1.36) 0.18 0.46 (0.17-1.25) 0.13
70’s 1.33 (0.58-3.02) 0.50 1.24 (0.54-2.83) 0.62
80’s 2.01 (0.90-4.50) 0.089 1.49 (0.64-3.48) 0.36

BMI: body mass index, SMI: skeletal muscle mass index, BMD: bone mineral density, SVA: sagittal vertical axis,
PI: pelvic incidence, LL: lumbar lordosis.

4. Discussion
4.1. Key Result

This study evaluated the prevalence and related factors of LBP by random sampling
from the basic resident registry of a suburb town for subject selection with age and gender
clustering on a general population basis. LBP prevalence tended to increase comparably
with age for both genders apart from 50’s women, for which social activities and stress
were possible reasons for the higher incidence. Multivariate analysis considering various
confounders, such as age, gender, and BMI, revealed PI-LL mismatch as an independent
factor associated with LBP. These findings may help in the early detection and treatment of
LBP in subclinical or asymptomatic community-dwelling members.

Although numerous factors have been linked to LBP, their authenticity remains under
debate [8,9]. Several reports have described an association between obesity and LBP [21,22].
In one population-based study, BMI was significantly associated with higher chronic LBP
prevalence in women [22]. Hirano et al. also showed BMI to be strongly associated
with lumbar spinal canal stenosis in community-living people [23]. On the other hand,
Dario et al. witnessed that BMI did not increase the risk of chronic LBP in a population of
Spanish adult twin [24]. In another study, although obesity was not associated with overall
chronic LBP, its impact was more pronounced for severe chronic LBP [25]. In the present
investigation, BMI did not significantly associate with LBP. Social factors and lifestyle have
also been cited in relation to LBP, with reports implicating smoking with LBP [26,27]. In
contrast, smoking and alcohol were not significantly linked to LBP in a cross-sectional
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prospective study of young twins [28], with conflicting associations for smoking [29,30].
We observed no remarkable associations for smoking with LBP.

Several reports have described a relationship between BMD and LBP [31-33]. A
small-sample study argued that lower BMD of the lumbar spine was more frequent among
LBP patients and that LBP could increase the risk of osteopenia [31]. On the other hand,
another report found that participants with LBP had significantly higher lumbar BMD
than did those without LBP, concluding that the presence of rotational asymmetry and
associated motion restriction increased BMD in affected vertebrae [32]. A population-based
cross-sectional study also showed an association for lumbar BMD with LBP [33]. In this
investigation, however, BMD was not significantly related to LBP.

Regarding the influence of muscle mass, paraspinal muscle volume has been linked to
sagittal spinal alignment [34-36]. Hori et al. described that trunk muscle mass was signif-
icantly associated with VAS scores in LBP patients visiting spinal outpatient clinics [37].
A systematic review showed that the cross-sectional area of the multifidus muscle was
negatively related to LBP, with conflicting evidence for associations between the erector
spinae, psoas, and quadratus lumborum cross-sectional area and LBP [38]. Our study
found no significant impact for SMI on LBP.

In recent years, corrective surgeries for sagittal spinal deformity have been widely
performed in older adults since such disorders were associated with impaired walking
and mobility, respiratory and digestive symptoms, and LBP [39,40]. Multiple studies have
stated that reduced lumbar lordosis is closely related to chronic LBP in adulthood [39,41].
Kitagawa et al. found that subjects with LBP showed significantly larger SVA and smaller
LL as compared with the values of subjects without LBP in a study of total knee arthroplasty
patients [42]. In our cohort, SVA > 50 mm, PI-LL mismatch, and aging were significantly
associated with LBP in univariate analysis, although PI-LL mismatch alone remained
associated with LBP in multivariate analysis (odds ratio: 1.91). A PI-LL mismatch is caused
by a compensatory failure of the pelvis in spinal sagittal alignment. In a multicenter study
of adult spinal deformity patients, a linear regression model demonstrated the threshold
radiographical parameter for the Oswestry Disability Index of >40 to be PI-LL of 11° or
more [43]. The results of our study suggest that individuals with LBP may more frequently
suffer from pelvic compensatory insufficiency in postural abnormalities.

4.2. Limitation

The major limitation of this study was the small study group size due to the method of
random sampling from a town population, with resource restrictions to 400 patients due to
the inclusion of radiographical examination. Other limitations of the current investigation
include a possibility of inter-observer bias and cross-sectional design; we are currently
planning longitudinal studies to investigate the prevalence changes of LBP over time.
Regional characteristics were also a shortcoming of this study as our subjects were sampled
from a suburb area. Indeed, although epidemiological surveys are relatively easy in such
regions due to less population displacement, there exists the possibility of differences with
urban residents. Lastly, as this was a non-compulsory survey, the proportion of people
randomly sampled who ultimately participated was less than one third. Since two thirds of
candidates declined to enroll, incomplete selection bias could not be completely removed.

4.3. Generalizability

Nevertheless, the Obuse study cohort is presumed to resemble the average Japanese
suburb population very closely due to its survey design.

4.4. Interpretation

Our findings showed spinal alignment to be significantly related to LBP onset and
suggested that the early detection of lumbopelvic parameter mismatch by whole-spine
radiographs might help prevent LBP occurrence, although further studies are warranted.
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5. Conclusions

Based on data close to that of the general population, this cross-sectional study con-
firmed that LBP tended to increase with age in both men and women. Moreover, a
high PI-LL mismatch was significantly associated with LBP development in the healthy
community-dwelling elderly, which might serve as a simple indicator of health risk and
aid in the prevention of back problems in this age group.
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Abstract: Concurrent knee osteoarthritis (KOA) and degenerative lumbar spinal disease (LSD) has
increased, but the total knee arthroplasty (TKA) effect on degenerative LSD remains unclear. The aim
of this study was to retrospectively analyze to compare radiological and clinical outcomes between
spinal fusion only and preoperative TKA with spinal fusion for the patients with concurrent KOA
and degenerative LSD. A total of 72 patients with concurrent KOA and degenerative LSDs who
underwent spinal fusion at less than three levels were divided in two groups: non-TKA group
(n = 50) and preoperative TKA group (1 = 22). Preoperative lumbar lordosis (LL) was significantly
lower in the preoperative TKA group than the non-TKA group (p < 0.05). Significantly higher
preoperative pelvic incidence (PI), PI/LL mismatch, and pelvic tilt (PT) occurred in preoperative
TKA group than non-TKA group (all p < 0.05). There was significant improvement of postoperative
Oswestry Disability Index and leg Visual Analog Scale in the preoperative TKA group (all p < 0.01).
Preoperative TKA could be a benefit for in proper correction of sagittal spinopelvic alignment by
spinal fusion. Therefore, preoperative TKA could be considered a preceding surgical option for
patients with severe sagittal spinopelvic parameters in concurrent KOA and degenerative LSD.

Keywords: spinal fusion; total knee arthroplasty; lumbar lordosis; sagittal spinopelvic parameters;
clinical outcome

1. Introduction

With aging populations, the prevalence of concurrent degenerative musculoskeletal
condition has increased, which has impacted global disease burden [1]. Degenerative
lumbar spinal diseases (LSDs) are one of the most common musculoskeletal conditions
caused by degenerative change in spinal joints, intervertebral disks, and ligament flavum,
which can lead to load-bearing abnormalities including spinal stenosis, spondylolisthesis,
herniated intervertebral disk, and degenerative lumbar scoliosis that are associated with
adult spinal deformity [1-3]. Knee osteoarthritis (KOA) shares similar clinical presentations
with degenerative LSD and is treated by total knee arthroplasty (TKA) in severe cases [4].
Patients frequently have concurrent KOA and degenerative LSD, and it is not uncommon
that both disorders are severe enough to require surgical treatment [1,4].
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Both degenerative diseases located in spine and knee have an effect on spinal align-
ment, which necessary for harmonious balances from upright posture to ambulation [3].
In particular, sagittal spinopelvic imbalances occurred in degenerative diseases in spine,
as a result of the compensatory mechanism from loss of lordosis, pelvic retroversion, and
knee flexion [2-5]. Furthermore, the stiffness of degenerative knee was reported to affect
spinal malalignment because postural equilibrium was harmonized with coordinated
movement of spine, hip, and knee [6]. Although knee stiffness significantly impacts on the
biomechanical effect of spinal balances, few studies reported on the relationship between
TKA and such malalignments to date [6-8]. In addition, there is lack of information on
how resolution of knee stiffness by TKA affects spinal alignment. Furthermore, there
are few studies on the effect of spinal balances between spine fusion and resolution of
knee stiffness.

TKA is a well-established surgical treatment, as well as an efficacious way to decrease
pain and improve functions for patients with KOA [9]. Surgical treatment of degenerative
LSDs and KOA demonstrate uniformly favorable clinical outcomes, according to mid-
term to long-term follow-up studies [10-12]. However, the effect of certain comorbidities
on degenerative LSDs remains unclear. To date, decision-making for fusion surgery or
TKA combines the patient’s preferences and surgeons’ assessment of the severity of both
diseases [4]. When concurrent KOA and degenerative LSDs are of equally severe grade,
there is insufficient evidence for the optimal order of surgical treatment [4]. To the best of
our knowledge, there have been very few reports that performed a comparative analysis of
spinal fusion in patients with and without TKA. Therefore, this study aimed to analyze the
impact of TKA by comparing the clinical and radiological outcomes of spinal fusion for
patients with concurrent severe KOA and degenerative LSDs.

2. Materials and Methods

This study was performed through retrospective comparative analysis at a single insti-
tute where spinal fusion and TKA were routinely performed. The concept and procedures
of the study were approved by our institutional review board. All spinal fusion surgery
procedures (posterior decompression with posterior lumbar interbody fusion and/or pos-
terior lateral fusion with resected local bone graft and cages) and TKA were performed by
senior surgeons (a spine surgeon and a knee surgeon) with vast experience in performing
standard surgeries. The patients with hip and/or ankle osteoarthritis above moderate
grade or patients who underwent hip arthroplasty, ankle fusion, ankle arthroplasty, and
revision TKA were excluded from this study. The medical records data of 122 patients who
underwent TKA before spinal fusion or underwent spinal fusion at less than three levels
due to degenerative LSDs concurrent with KOA (more than Kellgren-Lawrence grade III)
were collected from 2013 to 2018. A total of 72 patients were included, excluding loss to
follow-up (n = 17) and those who underwent TKA during the postoperative follow-up
period of spinal fusion (1 = 21). The minimum interval between TKA and spinal fusion was
set to one-year in consideration of TKA-related pain for at least 6 months. The patients were
divided into two groups as follows: the non-TKA group (n = 50, patients who underwent
spinal fusion only) and the preoperative TKA group (n = 22, patients who underwent
spinal fusion after TKA)

All patient data were collected from the hospital database and retrospectively analyzed
in 2021. Demographic and operative variables included age, height, weight, body mass
index (BMI), bone mineral density (BMD), symptom duration, main diagnosis of LSD,
spinal stenosis grade on magnetic resonance imaging (MRI), fusion levels, and Kellgren-
Lawrence grade. Spinal stenosis grade on MRI was measured by qualitative grading
system according to axial MRI on T2-weighted images [13]. Kellgren-Lawrence grade
on plain radiograph of knee was evaluated as follows: grade I (doubtful joint space
narrowing and possible osteolytic lipping), grade II (definite osteophytes and possible joint
space narrowing), grade III (multiple osteophytes, definite joint space narrowing, sclerosis,
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possible bony deformity), and grade IV (large osteophytes, marked narrowing of joint
space, severe sclerosis, and definite deformity of bone contour) [9].

Radiological variables included regional, global, coronal, and sagittal spinopelvic pa-
rameters preoperatively, immediate postoperatively (within 2 weeks), and at postoperative
2-year follow-up after spinal fusion. Lumbar lordosis (LL), thoracic kyphosis (TK), and
cervical lordosis (CL) were collected as regional parameters. Sagittal vertical axis (SVA)
and T1 pelvic angle (TPA) were collected as global parameters. Coronal parameters were
measured by Cobb’s angle reflecting local alignment and coronal balance reflecting global
alignment. Sagittal spinopelvic parameters included pelvic incidence (PI), PI/LL mismatch,
pelvic tilt (PT), and sacral slope. Regarding clinical outcomes, Oswestry Disability Index
(OD]) and Visual Analog Scale (VAS) of the leg and back were used for clinical evaluation
preoperatively, immediate postoperatively (discharge from hospital) and at postoperative
6-month follow-up after spinal fusion.

Statistical analysis was performed using SPSS Statistics for Windows, version 21.0
(IBM Corp., Armonk, NY, USA). A normal distribution was confirmed by Kolmogorov—
Smirnov test. Regarding continuous variables, student-t-test and Mann-Whitney test were
used for parametric data and non-parametric data, as appropriate. Regarding categorical
variables, chi-square test and Fisher-exact test were used for parametric and non-parametric
data, as appropriate. In the case of variables with negative or positive values based on
the measured reference point, such as coronal balance and SVA, statistical comparisons of
groups required converting negative numbers to positive numbers because it was necessary
to statistically analyze differences from a reference point. Statistical significance was set at
p <0.05.

3. Results
3.1. Demographic Data

All demographic, clinical, and operative data, including sex, age, body mass index
(BMI), bone mineral density (BMD), symptom duration, main diagnosis of LSDs, spinal
stenosis grade on MRI, fusion levels, and Kellgren-Lawrence grade were summarized in
Table 1. In preoperative TKA group, mean interval between TKA and spinal fusion was
1.2 years. The mean age in the non-TKA and preoperative TKA groups was 68.4 years
and 72.1 years, respectively (p = 0.110). Mean BMI in the non-TKA and preoperative TKA
groups was 26 and 25.5, respectively (p = 0.602). Mean BMD in non-TKA and preoperative
TKA groups was —0.7 and —1.1 at the spine as well as —1.1 and —1.4 at the femur. There
were no significant differences in BMD of the spine and femur between the two groups
(p =0.696, p = 0.284). In total, 58% and 59.2 of patients had a symptom duration of more
than 5 years in the non-TKA and preoperative TKA groups, respectively. A severe grade of
spinal stenosis was presented in 52% and 54.5% of the non-TKA and preoperative TKA
groups, respectively. The fusion levels in non-TKA and preoperative TKA group were
not significant different (p = 0.409). Spondylolisthesis was presented in 26% of the non-
TKA group and 45% of the preoperative TKA group for the main diagnosis of LSDs. All
KOA were bilateral, which showed more than Kellgren-Lawrence grade III. There were no
significant differences in demographic and operative data between the two groups (Table 1).

Table 1. Demographic and operative data for spinal fusion only and preoperative TKA with spinal fusion groups.

Variables Non-TKA (n = 50) Preoperative TKA (n = 22) p-Value

Sex (M:F) 9:41 3:18 0.268 *
Age (years) 684+79* 721+81* 0.110
Height (cm) 1554 £ 6.3 * 1559 £5.1* 0.787
Weight (kg) 62.7 +£89* 62.0£10.1* 0.786
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Table 1. Cont.

Variables Non-TKA (1 = 50) Preoperative TKA (n = 22) p-Value
BMI (kg/m?) 26.0 +£35* 255+3.6* 0.602
BMD (T-score)
Spine —07+£1.0* —0.8+£1.2* 0.695
Femur -11+1.0* —14+£09* 0.284
Symptom duration (1)
6 months-1 year 10 2 +
1-5 years 11 7 0.303
>5 years 29 13
Main diagnosis of LSD ()
Spinal stenosis 37 12 0.205*
Spondylolisthesis with spinal stenosis 13 10

Spinal stenosis grade on MRI (1)
Moderate 14 6

+
Moderate to severe 10 4 0.806
Severe 26 12
Fusion levels (1)
1 level 22 12 0409 *
2 levels 28 10
Kellgren-Lawrence grade (1, Right:Left)
Grade ITI 28:30 -
Grade IV 22:20 -

p < 0.05 is significant. * All values are expressed as mean =+ standard deviation. p values were calculated by independent t-test for
parametric data and Mann Whitney U test for non-parametric data. * p-values were calculated by chi-square test for parametric data and
Fisher’s exact test for non-parametric data. n = number; TKA = Total knee arthroplasty; M = Male; F = Female; BMI = Body mass index;
BMD = Bone mineral density; LSDs = Lumbar spinal diseases; MRI = Magnetic resonance imaging.

3.2. Radiological Outcomes

Regarding the regional and global parameters of radiological outcomes, preoperative
LL was significantly lower in the preoperative TKA group (32°) than the non-TKA group
(23°) (p = 0.045). The 2-year follow-up LL was lower in the non-TKA group (35.3°) than the
preoperative TKA group (27.1°) with statistical significance (p = 0.041). Preoperative SVA
was 51.6 mm in the non-TKA group and 72.5 mm in the preoperative TKA group, with no
significance (p = 0.066). Immediate postoperative (40 mm, 47.2 mm) and 2-year follow-up
(41.2 mm, 47 mm) SVA in non-TKA and preoperative TKA groups was distributed within
an age-adjusted target (about 54.5 mm from 65 to 74 years) with no significance (p = 0.455,
0.561) [3]. All TPAs were greater than 20° and those in the preoperative TKA group were
higher than non-TKA group, but statistical difference was not significant. Regional and
global parameters demonstrated worse outcomes in the preoperative TKA group than
the non-TKA group. Only the preoperative and 2-year follow-up LL showed statistically
significant differences (Table 2).

Regarding the coronal parameters, Cobb’s angle preoperatively, immediate postop-
erative, and at 2-year follow-up was within 10° in both groups (all p > 0.05). All coronal
balance values preoperatively, immediate postoperatively and at 2-year follow-up evalua-
tions were within 20 mm and showed statistical insignificance between the two groups (all
p > 0.05). For sagittal spinopelvic parameters, preoperative PI was significantly higher in
the preoperative TKA group (62.8°) than the non-TKA group (53.5°) (p = 0.041). However,
after spinal fusion, there were no significance differences between immediate postop-
erative (p = 0.398) and 2-year follow-up (p = 0.729) PI. All values of PI/LL mismatch
were more than 11°. Preoperative PI/LL mismatch was significantly higher in the pre-
operative TKA group (39.8°) than the non-TKA group (21.5°) with statistical significance
(p = 0.013). However, there were no significant difference observed in immediate postop-
erative (p = 0.286) and 2-year follow-up (p = 0.265) PI/LL mismatch. PT was greater at
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more than 22° and was higher in the preoperative TKA group (30.7°) than the non-TKA
group (24°). Only preoperative PT showed a statistically difference (p = 0.011). All sacral
slopes were greater in the preoperative TKA group than in the non-TKA group but without
statistical significance (all p > 0.05) (Table 3).

Table 2. Comparison of regional and global parameters between spinal fusion only and preoperative TKA with spinal

fusion groups.

Variables Non-TKA (n = 50) Preoperative TKA (1 = 22) p-Value
Regional parameters
Lumbar lordosis (°)
Preoperative 32.0 £16.0 23.0 £ 135 0.045
Immediate postoperative 341 +135 29.9 +£12.6 0.274
2-year follow-up 353 +13.7 27.1+13.6 0.041
Thoracic kyphosis (°)
Preoperative 289+ 126 244 +11.7 0.213
Immediate postoperative 28.9 +11.0 274 +£95 0.643
2-year follow-up 28.9 +10.9 267+ 114 0.5
Cervical lordosis (°)
Preoperative 20.9 +10.2 181+£75 0.326
Immediate postoperative 21.0+10.2 193 £ 8.6 0.572
2-year follow-up 21.6 +10.1 18.6 £7.5 0.28
Global parameters
Sagittal Vertical Axis (mm)
Preoperative 51.6 +30.8 72.5 £56.4 0.066
Immediate postoperative 40.0 +32.5 47.2 +30.9 0.455
2-year follow-up 41.2 £34.0 47.0 £30.9 0.561
T1 pelvic angle (°)
Preoperative 263 +£7.6 289+73 0.247
Immediate postoperative 24.0+£7.0 22.1£6.0 0.343
2-year follow-up 246+73 226 +24 0.425

Data represent mean =+ standard deviation values for each group. In the case of the sagittal vertical axis, the statistical analysis between
groups was performed by converting negative numbers to positive numbers to analyze how the difference from the reference point. p-values
were calculated by independent t-test for parametric data and Mann Whitney U test for non-parametric data. Significant differences were
accepted for p < 0.05. n = number; TKA = Total knee arthroplasty.

3.3. Clinical Outcomes

ODI and VAS were used for assessing clinical outcomes preoperatively, immediate
postoperatively, and at 6-month follow-up. The mean preoperative ODI was significantly
worse in the preoperative TKA group (62.4) than the non-TKA group (50.4) (p = 0.001).
However, after spinal fusion, the mean immediate postoperative ODI was 45.4 in the
non-TKA group and 37.6 in the preoperative TKA group (p = 0.008). Mean 6-month
follow-up ODI was 45.8 in the non-TKA group and 34. 1 in the preoperative TKA group
(p < 0.001). Mean preoperative VAS of the back was 7.57 in the non-TKA group and 8.44
in the preoperative TKA group. Mean immediate postoperative VAS of the back was 4.00
in the non-TKA group and 4.44 in the preoperative TKA group. Mean 6-month follow-
up VAS of the back was 3.19 in the non-TKA group and 3.33 in the preoperative TKA
group. None of these back VAS values were significantly different between groups (all
p > 0.05). Preoperative VAS of the leg was close to 7.2 in the non-TKA group and 7.3 in the
preoperative TKA (p = 0.965). Mean immediate postoperative VAS of the leg was 6.1 in the
non-TKA group and 3 in the preoperative TKA group (p < 0.001). Six-month follow-up VAS
of the leg was 6 in the non-TKA group and 2.7 in the preoperative TKA group, a significant
difference (p < 0.001) (Table 4).
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Table 3. Comparison of coronal and sagittal spinopelvic parameters between spinal fusion only and preoperative TKA with
spinal fusion groups.

Variables Non-TKA (1 = 50) Preoperative TKA (1 = 22) p-Value
Coronal parameters
Cobb’s angle (°)
Preoperative 74 +54 85+9.6 0.551
Immediate postoperative 63 +54 6.1+5.0 0.887
2-year follow-up 6.6 £5.9 59+53 0.67
Coronal balance (mm)
Preoperative 9.1+82 9.8 +8.8 0.783
Immediate postoperative 6.2 +49 9.7 +£103 0.07
2-year follow-up 54444 129 £28.9 0.093
Sagittal spinopelvic
parameters

Pelvic incidence (°)

Preoperative 53.5+16.2 62.8 +£13.1 0.041
Immediate postoperative 56.9 +16.9 61.3 +£21.0 0.398
2-year follow-up 61.0 £ 16.2 59.5+15.0 0.729
PI/LL mismatch
Preoperative 21.5+258 39.8 £21.7 0.013
Immediate postoperative 23.7 £10.3 31.1+15.6 0.286
2-year follow-up 25.7 £20.1 3234222 0.265
Pelvic tilt (°)
Preoperative 240+ 84 30.7 £10.2 0.011
Immediate postoperative 264 +99 27.8 +£9.2 0.609
2-year follow-up 293 £11.7 29.6 £11.5 0.935
Sacral slope (°)
Preoperative 295+ 8.0 321496 0.286
Immediate postoperative 305+75 33.4+17.7 0.349
2-year follow-up 317 £6.8 298 £75 0.37

Data represent mean =+ standard deviation values for each group. In the case of coronal balance, the statistical analysis between groups
was performed by converting negative numbers to positive numbers to analyze how the difference from the reference point. p values
were calculated by independent t-test for parametric data and Mann Whitney U test for non-parametric data. Significant differences were
accepted for p < 0.05. n = number; TKA = Total Knee Arthroplasty; PI/LL mismatch = Pelvic incidence minus lumbar lordosis.

Table 4. Comparison for clinical outcomes between spinal fusion only and preoperative TKA with spinal fusion.

Clinical Outcomes Non-TKA (1 = 50) Preoperative TKA (n = 22) p-Value
ODI
Preoperative 50.4 £9.0 624+55 0.001
Immediate postoperative 454 +£10.7 376 £53 0.008
6-month follow-up 458 +8.8 341447 <0.001
VAS Back
Preoperative 76 £1.6 84+12 0.193
Immediate postoperative 40+0.8 44411 0.642
6-month follow-up 32408 33+1.0 0.79
VAS Leg
Preoperative 72417 73+2.0 0.965
Immediate postoperative 6.1+15 3.0+0.7 <0.001
6-month follow-up 6.0+ 1.1 27+0.7 <0.001

Data represent mean =+ standard deviation values for each group. p-values were calculated by independent t-test for parametric data
and Mann-Whitney U test for non-parametric data. Significant differences were accepted for p < 0.05. n = number; TKA = Total knee
arthroplasty; ODI = Oswestry Disability Index; VAS = Visual Analog Scale.

The ODI differences between preoperative and immediate postoperative was 5.0 + 4.7
in non-TKA and 24.9 £ 6.2 in preoperative TKA with statistical significance (p < 0.001). VAS
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leg differences between preoperative and immediate postoperative was 1.0 £ 0.9 in non-TKA
and 4.3 £ 1.9 in preoperative TKA with statistical significance (p < 0.001). However, ODI
differences and VAS leg differences between immediate postoperative and 6-month follow-up
showed not statistical insignificance (p = 0.780).

4. Discussion

Degenerative diseases including osteoarthritis and spinal stenosis are serious public
health concerns globally because of the severe pain and disability they cause [14]. Specifi-
cally, lower back pain and osteoarthritis were the first ranked and 12th ranked, respectively,
global burden of diseases that cause disability from a systemic analysis in 2016 [15]. More-
over, these chronic conditions lead to multi-morbidity, which limit function and cause
pain and disability [14,15]. However, the impact of multi-morbid conditions has not been
extensively studied yet [14]. In an arthroplasty study, the impact of total hip arthroplasty
in spinal fusion was reported in hip-spine syndrome, but there is a relative lack of evidence
for that of TKA [4]. Therefore, this study aimed to identify the impact of preoperative TKA
in spinal fusion for patients with concurrent severe KOA and degenerative LSD.

Regarding preoperative radiological parameters, our results showed that LL and
sagittal spinopelvic parameters were worse in the TKA group. There were attempts to
elucidate the association between radiological factors of the spine and flexibility of the
knee [6,16,17]. Flexion contracture of the knee was associated with not only loss of LL,
but also poor sagittal spinopelvic parameters [16,17]. Kim et al. suggested that lumbar
flexibility is important for spinal and lower limb alignment following TKA [7]. However,
the studies reported that removal of flexion contracture by TKA could not compensate for
sagittal global imbalances [5,6]. The results have similar preoperative aspects of worse
LL and sagittal spinopelvic parameters, which support the finding that TKA does not
compensate for these parameters. Our results suggest the patients that require both TKA
and spinal fusion have relatively worse preoperative radiological outcomes in LL and
sagittal spinopelvic parameters. Therefore, sagittal spinopelvic parameters could consider
one of the factors for surgical decision-making in the patients with severe KOA and
degenerative LSDs.

The pelvic morphology, which is influenced by sagittal malalignment, was signifi-
cantly different in elderly patients with concurrent KOA and degenerative LSDs compared
to patients with LSD only [18]. Increased sagittal malalignment with a lack of LL was
caused by double-level listhesis (i.e., spondylolisthesis and /or retrolisthesis) and greater
knee flexion [19]. Although decompression with short-segment fusion at less than three
levels can yield improvement of clinical outcomes, corrective lumbar surgery alone may be
insufficient for radiological outcomes because of greater pelvic retroversion (high PT) and,
worse sagittal spinopelvic alignment [20,21]. Kohno et al. reported that surgical strategies
in concurrent degenerative knee and LSDs may be necessary to restore sagittal spinopelvic
alignment, followed by decreased pelvic retroversion [18]. In our study, patients with
preoperative TKA exhibited greater pelvic retroversion than patients with KOA, and more
often required fusion surgery for correction of sagittal spinopelvic alignment. The optimal
values of sagittal spinopelvic parameters that need to be corrected was under-estimated by
compensatory mechanism of spine from knee stiffness in non-TKA group. Therefore, pre-
operative TKA could be a benefit for in proper correction of sagittal spinopelvic alignment
by spinal fusion.

Schwab et al. showed a PI/LL mismatch that reflected the disharmony between spine
and pelvis correlate with increase in ODI [22]. From our result, the preoperative TKA
group (i.e., the patients who needs to both spinal fusion and TKA) showed worse ODI
values. Because TKA with worse sagittal spinopelvic parameters is associated with poor
range of motion, it led to dissatisfaction and did not improve disability [6]. For significant
improvement of ODI in the TKA group, preoperative TKA may have contributed to more
vigorous activity by resolution of neurogenic claudication. The most important thing in
our study was that complementing compensatory mechanisms by preoperative TKA gave
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a chance for better correction of sagittal spinopelvic parameters, which has a significant
impact on improving disability. The value of ODI reflects pain as well as activities of daily
living affected by knee discomfort [4]. Lee et al. reported that the presence of preoperative
KOA and multi-level fusion were poor prognostic factors in lumbar spinal surgery, and
Lee et al. also showed worse ODI scores in the patients who underwent TKA before spinal
fusion on retrospective case analysis [23]. However, considering that our study included
patients with spinal fusion at less than three levels, preoperatively worse spinopelvic
sagittal parameters as well as lower lumbar lordosis contributed to a higher ODI level in
the preoperative TKA group compared to the non-TKA group [24]. If the case of long-level
spinal fusion and instrumentation, this can clearly affect balancing and lumbar spine
alignment by nonunion and/or instrumentation failure. Therefore, in order to minimize
this effect and evaluate the impact of preoperative TKA, we assessed only the patents who
underwent spinal fusion at less than three-level (i.e., short-level fusion). Preoperative TKA
in spinal fusion at less than three levels could be helpful for predicting disability and pain
in the case of worse sagittal spinopelvic parameters.

Lower back pain is affected by various factors, and has a broad spectrum of symp-
toms that requires differential diagnosis based on degenerative, congenital, and traumatic
causes [25]. Escobar et al. reported the preoperative absence of lower back pain in TKA as a
predictor of a good quality of life in a multi-center prospective study conducted in 2007 [26].
Pivec et al. also suggested that the presence of spinal stenosis was associated with worse
clinical outcomes following TKA [27]. However, little is known about the clinical relevance
between back pain and preoperative TKA for fusion surgery in patients with KOA. In our
study, back VAS was not significantly different between the two groups, which indicates
that preoperative TKA in spinal fusion does not seem to have much impact on lower back
pain. Preoperative TKA in spinal fusion showed better clinical outcomes in terms of leg
VAS, which means significantly improved pain. Lumbar radiculopathy by nerve root
compression from L3 to L5 is a typical clinical presentation of spinal stenosis, which share
the same portion in anterior knee pain by joint degeneration [28]. Furthermore, the origin
of pain from knee and/or spine could be impact on determining clinical outcomes [29].
Therefore, preoperative TKA in the case of short-level spinal fusion significantly impacts
improvement by eradicating the pain source.

There were several limitations to our study. First, the number of patients was relatively
small and we used a retrospective design. Future trials would be needed by large sample in
multicenter study and/or meta-analysis. Secondly, this study did not reflect the morphol-
ogy and clinical scales of the knee. It also included the limitation of being a retrospective
study, which suggests the need to evaluate radiological factors and clinical function of
the knee in future trials. However, our study focused on comparing radiological factors,
function, and pain measures limited to the spine. Large multi-center prospective studies
should be needed to perform to confirm our results. Nonetheless, our study suggested
that preoperative TKA in spinal fusion (less than three levels) have significantly impact on
lumbar radiculopathy and disability.

5. Conclusions

Preoperative TKA could be a benefit for in proper correction of sagittal spinopelvic
alignment by spinal fusion. Therefore, preoperative TKA could be considered a preceding
surgical option for patients with severe sagittal spinopelvic parameters in concurrent KOA
and degenerative LSD.
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Abstract: Background: Although diffuse idiopathic skeletal hyperostosis (DISH) is known to coexist
with the ossification of spinal ligaments (OSLs), details of the radiographic relationship remain
unclear. Methods: We prospectively collected data of 239 patients with symptomatic cervical ossifica-
tion of the posterior longitudinal ligament (OPLL) and analyzed the DISH severity on whole-spine
computed tomography images, using the following grades: grade 0, no DISH; grade 1, DISH at
T3-T10; grade 2, DISH at both T3-T10 and C6-T2 and/or T11-L2; and grade 3, DISH beyond C5
and/or L3. Ossification indices were calculated as the sum of vertebral and intervertebral levels with
OSL for each patient. Results: DISH was found in 107 patients (44.8%), 65 (60.7%) of whom had
grade 2 DISH. We found significant associations of DISH grade with the indices for cervical OPLL
(r=0.45, p < 0.0001), thoracic ossification of the ligamentum flavum (OLF; r = 0.41, p < 0.0001) and
thoracic ossification of the supra/interspinous ligaments (OSIL; r = 0.53, p < 0.0001). DISH grade
was also correlated with the index for each OSL in the whole spine (OPLL: r = 0.29, p < 0.0001; OLF:
r =0.40, p < 0.0001; OSIL: r = 0.50, p < 0.0001). Conclusion: The DISH grade correlated with the
indices of OSL at each high-prevalence level as well as the whole spine.

Keywords: cervical ossification of the posterior longitudinal ligament; diffuse idiopathic skeletal
hyperostosis; whole-spine computed tomography; grading system; multicenter study

1. Introduction

Ossification of the posterior longitudinal ligament (OPLL) is a well-known cause of
severe myelopathy and radiculopathy, especially in East Asian countries [1,2]. Patients
with OPLL often experience the ossification of spinal ligaments (OSLs). Previous reports
suggest that the co-morbidity rate for diffuse idiopathic skeletal hyperostosis (DISH) and
OPLL is around 25-50%, which is relatively high [3-6]. Given that DISH is usually found
as a benign radiological condition that does not compress the spinal cord [7-10], this
pathology has been considered clinically innocuous. However, patients with DISH are
at higher risk for late-onset paralysis following ankylosing spinal fractures with minor
trauma, especially in cases with spinal cord compression due to OPLL [11-13]. In addition,
myelopathy frequently results from a concentration of stress factors—when spinal stenosis
along with OSL is present above or below the ankylosing spine in DISH [14]. Therefore,
assessing the degree of DISH is important in patients with cervical OPLL.

Despite the potentially devastating consequences of comorbid DISH and an additional
OSL, such as cervical OPLL, a correlation remains to be determined between DISH severity
and a predisposition to other OSL. To address this question, a tool is urgently needed
for evaluating the spread of DISH. Previous studies have reported the degree of DISH
according to the number of consecutive vertebral bodies involved, or the width and/or
thickness of ossification on plain radiographs [15-17]; however, neither of these grading
methods can accurately assess the development of ossified lesions.

In a previous study, we retrospectively examined the DISH distribution pattern in
whole-spine computed tomography (CT) images for patients with cervical OPLL [6] and
found that DISH developed at the thoracic level initially and extended to the cervical
and/or lumbar spine over time. Therefore, we developed a novel four-point grading
system that can evaluate the age-related progression of DISH (grade 0, DISH anywhere
in the spine; grade 1, DISH at T3-T10; grade 2, DISH extending to the cervicothoracic
junction (C6-T2) and/or thoracolumbar junction (T11-L2); grade 3, DISH extending to the
cervical and/or lumbar spine beyond C5 and/or L3; Figure 1). At the Japanese Multicenter
Research Organization for Ossification of the Spinal Ligament (JOSL), we established a
nationwide patient registry to prospectively collect clinical and radiological data, including
whole-spine CT scans of OPLL patients, with the aim of clarifying associations with the
presence of each type of OSL. Accordingly, the aim of the present study was to investigate
the relationship between the severity of DISH (the DISH grade [6]) and all other types of
OSL based on the data collected in the patient registry.
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Figure 1. Representative sagittal computed tomography image for DISH grades 0-3. (a) Grade 0 (no
DISH); (b) Grade 1 (DISH at T3-T10); (c) Grade 2 (DISH at both T3-T10 and C6-T2 and /or T11-L2);
(d) Grade 3 (DISH extending beyond C5 and/or L3). DISH, diffuse idiopathic skeletal hyperostosis.

2. Materials and Methods
2.1. Patients and Methods

This multicenter prospective observational cross-sectional study was performed by
the JOSL with the assistance of the Japanese Ministry of Health, Labour, and Welfare. The
inclusion criteria were as follows: over 20 years of age; diagnosis of cervical OPLL on plain
radiographs; symptoms such as neck pain, numbness in the upper or lower extremities,
clumsiness, or gait disturbance; presentation to 1 of 16 institutions affiliated with the
JOSL between September 2015 and December 2017; and whole-spine CT images available.
Patients were excluded if they had undergone surgery to treat OPLL. The study included
239 Japanese subjects (163 men and 76 women). Basic clinical data for age, sex, body
mass index (BMI), presence or absence of diabetes mellitus (DM), family history (FH) of
OPLL, trauma history (TH), patients with or without surgical treatment, surgical methods
and perioperative complications were obtained from patient records held at participating
institutions. The study was approved by the institutional review board of each participating
institution and was conducted in accordance with all relevant guidelines and regulations.

2.2. Radiographic Examinations

Six senior spine surgeons (S.U., KM., S.M., KK, N.N. and K.T.) independently deter-
mined the incidence of OPLL, ossification of the ligamentum flavum (OLF), ossification of
the supra/interspinous ligaments (OSIL), ossification of the anterior longitudinal ligament
(OALL), and ossification of the nuchal ligament (ONL) in whole-spine mid-sagittal CT
images (Figure 2). Before the evaluation, inter-observer agreement was determined by
assessing the incidence of OPLL and OALL, using CT images from the same 10 patients.
The average kappa (k) coefficients of inter-observer agreement for OPLL and OALL were
0.83 and 0.78, respectively. The prevalence rate of ONL was calculated for DISH grades
0 to 3, as described below. We recorded the presence of OPLL, OLF and OSIL for all
vertebral bodies and intervertebral disc levels of the whole spine. An ossification index was
calculated according to the number of levels with OPLL (OPLL index), OLF (OLF index),
or OSIL (OSIL index), as described previously [6,18-20]. OALL was considered DISH if it
completely bridged at least four contiguous adjacent vertebral bodies in the thoracic spine,
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according to the criteria established by Resnick and Niwayama (Figure 2) [21]. DISH was
classified as follows: grade 0, no DISH at any spine level; grade 1, DISH at T3-T10; grade
2, DISH at both T3-T10 and C6-T2 and/or T11-L2; grade 3, DISH extending beyond C5
and/or L3.

Figure 2. Representative sagittal computed tomography image for DISH, OPLL, OLF, OSIL and ONL.
DISH, diffuse idiopathic skeletal hyperostosis; OLF, ossification of the ligamentum flavum; ONL,
ossification of the nuchal ligament; OPLL, ossification of the posterior longitudinal ligament; and
OSIL, ossification of the supra/interspinous ligaments.

2.3. Statistical Analysis

All data are presented as the mean = standard deviation. Correlations between DISH
grade and age, BMI, OPLL index, OLF index, and OSIL index were analyzed using the
Pearson’s correlation coefficient. The chi-squared test was used to examine differences
in the prevalence rate of ONL, sex distribution, the presence of DM, FH of OPLL, TH,
the number of patients treated surgically, the rate of each surgical method, and each
complication rate. A p-value of <0.01 was considered statistically significant.

3. Results
3.1. Demographic Data and Surgery-Related Data According to DISH Grade

DISH was observed in 82 men and 25 women with cervical OPLL, with a co-morbidity
rate of 44.8% (107/239; Table 1). Our grading system evaluation revealed that when DISH
was present, grade 2 was the most common (65/107, 60.7%), followed by grade 1 (23/107,
21.5%) and grade 3 (19/107, 17.8%). There was a slight, yet significant, correlation of DISH
grade with age (r = 0.30, p < 0.0001; Table 1) but not with sex, BMI, or the prevalence rate of
DM, FH of OPLL or TH. Only one case was found in which the bridging of OALL over
four adjacent vertebral bodies was localized in the cervical spine. This case was, therefore,
excluded from the analysis of patients with DISH because it did not exhibit similar bridging
in the thoracic spine.
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Table 1. Demographic data and surgery-related data for each DISH grade.

Grade 0 Grade 1 Grade 2 Grade 3 p-Value

Patients, n 132 23 65 19
60.9 + 654 + 66.9 +
Mean age (years) 116 12.7 123 728 £99 <0.0001
Male sex (%) 61.4 78.3 754 78.9 0.09
Body mass index 26.1+4.7 2574+50 259+37 247449 0.32
DM (%) 21.2 30.4 32.3 15.8 0.25
FH of OPLL (%) 3.03 4.35 3.08 5.26 0.95
Trauma history (%) 6.82 0.00 7.69 10.5 0.53
Cervical level
Patients treated surgically, n (%) 74 (56.1) 8 (34.5) 37 (56.9) 10 (52.6) 0.27
Surgical Method
Laminoplasty (%) 40.5 62.5 51.4 60.0 0.40
Laminectomy (%) 1.35 0.00 0.00 0.00 0.86
ADF (%) 29.7 25.0 135 0.00 0.08
PDF (%) 27.0 125 324 30.0 0.71
APF (%) 1.35 0.00 2.70 10.0 0.37
Perioperative complication (%) 149 0.00 324 0.20 0.07
Neurological deterioration (%) 1.35 0.00 2.70 0.00 0.89
C5 palsy (%) 8.11 0.00 13.5 0.10 0.63
CSF leakage (%) 1.35 0.00 2.70 0.00 0.89
Surgical site infection (%) 0.00 0.00 5.41 0.00 0.17
Screw loosening (%) 1.35 0.00 0.00 0.00 0.86
Screw malposition (%) 1.35 0.00 0.00 0.00 0.86
Dysphasia (%) 0.00 0.00 2.70 0.10 0.10
Deep vein thrombosis (%) 0.00 0.00 2.70 0.00 0.47
Heart failure (%) 1.35 0.00 0.00 0.00 0.86
Delirium (%) 0.00 0.00 2.70 0.00 0.47
Thoracic level
Patients treated surgically, n (%) 11 (8.33) 4(17.4) 9 (13.8) 2 (10.5) 0.48
Surgical Method
Laminectomy (%) 36.4 0.00 22.2 50.0 0.46
PDF (%) 54.5 75.0 66.7 50.0 0.86
PF (%) 9.09 25.0 11.1 0.00 0.79
Perioperative complication (%) 36.4 0.00 22.2 0.00 0.41
Neurological deterioration (%) 27.3 0.00 0.00 0.00 0.20
Surgical site infection (%) 9.09 0.00 111 0.00 0.88
Wound dehiscence (%) 0.00 0.00 11.1 0.00 0.58
Lumbear level
Patients treated surgically, n (%) 6 (4.55) 2 (8.70) 3(4.62) 0 (0.00) 0.62
Surgical Method
Laminectomy (%) 33.3 50.0 66.7 0.00 0.63
PDF (%) 66.7 0.00 33.3 0.00 0.23
PF (%) 0.00 50.0 0.00 0.00 0.08
Perioperative complication (%) 0.00 0.00 0.00 0.00 -

ADEF, anterior decompression with fusion; APF, anterior and posterior decompression with fusion; CSF, cere-
brospinal fluid; DISH, diffuse idiopathic skeletal hyperostosis; DM, diabetes mellitus; FH, family history; OPLL,
ossification of the posterior longitudinal ligament; PDF, posterior decompression with fusion; PF posterior fusion.
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Surgical treatment was performed in 59.4% of all cases (142/239; Table 1) in at least
one of the spinal levels. The cervical spine was the most frequently treated level (129/239,
54.0%), followed by the thoracic (26/239, 10.9%) and lumbar spine (11/239, 4.6%). There
was no significant difference in the rate of surgical treatment between each grade at any
spinal level. Laminoplasty was the most common surgical procedure performed on the
cervical spine (60/129, 46.5%) whereas posterior decompression with fusion (PDF) was
more common at the thoracic spine (16/26, 61.5%). On the other hand, laminectomy and
PDF were equally common at the lumbar spine (5/11, 45.5%). No remarkable differences
were found in the rates of these procedures between each grade. Furthermore, all the
incidences of perioperative complication were not statistically different among the grades.

3.2. Association between DISH Grade and OSL

Next, we calculated the correlation coefficient between the DISH grade and OSL for
each spinal level. At the cervical level, the DISH grade was moderately correlated with the
OPLL index (r = 0.45, p < 0.0001; Figure 3a); however, there was no correlation between
DISH grade and the OLF index (r = 0.14, p = 0.03; Figure 3b). Moreover, the prevalence of
ONL was significantly associated with DISH grade (p = 0.003, chi-squared test; Figure 3c).
At the thoracic spine, the DISH grade was moderately correlated with the OLF and OSIL
indices (OLF: r = 0.41, p < 0.0001, Figure 4b; OSIL: r = 0.53, p < 0.0001; Figure 4c), but not
with OPLL (r = 0.12, p = 0.06; Figure 4a). There was no significant correlation of DISH
grade with any OSL at the lumbar spine (OPLL: r = —0.02, p = 0.78, OLF: r = 0.11, p = 0.11,
OSIL: r = 0.14, p = 0.03; Figure 5a—c). Finally, there were moderate to weak correlations
between DISH grade and OPLL, OLF and OSIL indices in the whole spine (OPLL: r = 0.29,
p <0.0001, OLF: r = 0.40, p < 0.0001, OSIL: r = 0.50, p < 0.0001; Figure 6a—c).

3.3. Case Presentation

A 66-year-old man presented to one of our institutions with difficulty walking. Whole-
spine CT imaging showed continuous-type cervical OPLL at C3—C7, with a cervical OPLL
index of 10. In addition, extensive thoracic OLF was found, with a thoracic OLF index of 9.
Grade 3 DISH was distributed from C4 to L2. The level of maximum compression in the
spinal canal was C3/4 with OPLL (Figure 7). Therefore, we decided to perform a two-stage
surgery for cervical OPLL. First, anterior decompression with fusion (ADF) was performed
from C2 to C5 with grafted bone harvested from the fibula. Two weeks after the initial
surgery, an additional posterior fixation was performed from C2 to C7. Five years after the
surgeries, the man’s neurological symptoms have shown satisfactory improvement.
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Figure 3. Correlation between DISH grade and OSL at the cervical spine. (a) Cervical OPLL index;
(b) cervical OLF index; (c) prevalence of ONL. DISH, diffuse idiopathic skeletal hyperostosis; OLF,
ossification of the ligamentum flavum; ONL, ossification of the nuchal ligament; OPLL, ossification
of the posterior longitudinal ligament; OSL, ossification of the spinal ligaments.
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Figure 4. Correlation between DISH grade and OSL at the thoracic level. (a) Thoracic OPLL index;
(b) thoracic OLF index; (c) thoracic OSIL index. DISH, diffuse idiopathic skeletal hyperostosis; OLF,
ossification of the ligamentum flavum; OPLL, ossification of the posterior longitudinal ligament;
OSIL, ossification of the supra/interspinous ligaments; OSL, ossification of the spinal ligaments.
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Figure 5. Correlation between DISH grade and OSL at the lumbar level. (a) Lumbar OPLL index;
(b) lumbar OLF index; (c) lumbar OSIL index. DISH, diffuse idiopathic skeletal hyperostosis; OLF,
ossification of the ligamentum flavum; OPLL, ossification of the posterior longitudinal ligament;
OSIL, ossification of the supra/interspinous ligaments; OSL, ossification of the spinal ligaments.
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Figure 6. Correlation between DISH grade and OSL in the whole spine. (a) Whole-spine OPLL
index; (b) whole-spine OLF index; (c) whole-spine OSIL index. DISH, diffuse idiopathic skeletal
hyperostosis; OLF, ossification of the ligamentum flavum; OPLL, ossification of the posterior lon-
gitudinal ligament; OSIL, ossification of the supra/interspinous ligaments; OSL, ossification of the
spinal ligaments.
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Figure 7. Illustrative case of grade 3 DISH. (a) Sagittal cervical CT imaging; (b) Sagittal thoracolum-
bar CT imaging. CT, computed tomography; DISH, diffuse idiopathic skeletal hyperostosis; OLF,
ossification of the ligamentum flavum; OPLL, ossification of the posterior longitudinal ligament.

4. Discussion

In a previous study, we reported on the distribution of DISH in patients with cervical
OPLL by cluster analysis [6]. In that study, DISH was found to be gradually distributed
from the thoracic to the cervical and lumbar spine, and rarely extended beyond C5 and
L3 [6]. Based on these findings, we defined DISH found only in the thoracic spine as a mild
case, with C5 and L3 indicating the boundaries between moderate and severe cases. The
present study found a weak but significant correlation between DISH grade and age. In
addition, there was only one case in which bridging of OALL over four or more vertebral
bodies was found in the cervical spine but not in the thoracic spine. These findings support
the rationale of our grade, that DISH mainly develops from the thoracic spine to the
cervical and lumbar spine over time; therefore, our DISH grade might be a reliable tool for
evaluating the severity of this pathology. However, our grade may present challenges in
the clinical setting. For example, there are exceptional cases in which bridging of OALL
is found outside the thoracic spine. In addition, the clinical significance of this grading
system is unclear. Thus, our future research will investigate the association between DISH
grade and the incidence of vertebral body fractures.

The DISH grade is correlated with the cervical OPLL index and with the thoracic OLF
and OSIL indices, all of which have frequently been detected in clinical settings [5,10,22,23].
Moreover, the progression of the DISH grade correlates moderately or slightly with various
OSL indices, even in the whole spine. Thus, the severity of DISH might be correlated
with that of OSL in other areas in the spine in patients with cervical OPLL. Okada et al.
reported that surgery was performed in about 85% of cases exhibiting a spinal fracture
with DISH, of which approximately 80% underwent conventional, open posterior fixation.
In addition, the presence of OPLL was associated with residual neurological paralysis
at the final follow-up [12]. In contrast, Yoshii et al. analyzed data from 2353 cases with
cervical OPLL, of which 1333 cases underwent ADF and 1020 cases underwent PDE. Their
report revealed that at least one local complication, such as cerebrospinal fluid leakage
or surgical site infection, occurred in about 6.5% and 4.7% of anterior and posterior cases,
respectively [24]. In cases with symptomatic cervical OPLL and/or DISH, including those
with complications, the surgical outcomes were sometimes unsatisfactory; therefore, it is
necessary to carefully monitor for neurological deterioration caused by the combination of
multiple OSLs.
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In this study, DISH was observed in nearly 40% of subjects and the most common
grade was grade 2. This is because this study targeted patients with symptomatic cervical
OPLL, and the range of DISH in the spine progressed with age. In contrast, fewer patients
had grade 1. Although DISH is frequently comorbid with cervical OPLL [6,25], Fujimori
et al. demonstrated that healthy subjects without OPLL may occasionally have DISH [5].
Therefore, our present findings and those of previous studies indicate that patients with
grade 1 DISH can be broadly divided into two categories: those with and those without
cervical OPLL. Our study focused specifically on patients with OPLL which could explain
why a minority of the population had grade 1 DISH. Similarly, grade 3 DISH was an
uncommon finding in our study population. As our results demonstrate, OSL may progress
in patients with advanced DISH, and these patients usually need to be treated surgically.
However, the present study did not include patients who had undergone spinal surgery, so
the number of subjects with a grade 3 DISH was relatively small.

Ankylosing spondylitis (AS) is a spinal ankylosing condition similar to DISH. The
radiological hallmark of DISH is ossification flowing along the spine similarly to “melting
candle wax” [26-28], whereas AS is characterized by thinner and finer syndesmophytes con-
necting between adjacent vertebral bodies, which is known as “bamboo spine” [26,27,29].
Although experienced spine surgeons can easily distinguish between these two ossification
disorders, it is uncertain whether all diagnoses are accurate. Moreover, these two patholo-
gies occasionally show a degree of overlap [30]. Therefore, it is possible that our subjects
diagnosed as having DISH constituted a heterogeneous population that consisted mainly
of cases of DISH alone but may have also included some cases with AS or both conditions.

Spinal ossification is potentially associated with various metabolic diseases. In par-
ticular, DM is frequently comorbid with OSLs [31,32]; however, no significant correlation
was found between the DISH grade and the prevalence rate of DM in the present study.
A previous study found that the prevalence rate of DM was neither associated with the
ossification types of OPLL nor the occupying ratio of OPLL in the spinal canal [33]. Thus,
the presence or absence of DM might not be related to the radiographic progression of
ossification.

This study has several limitations. First, our subjects were patients with symptomatic
cervical OPLL who may have been predisposed to ossification in the whole spine. Further
research is necessary to clarify whether our findings apply to asymptomatic patients with
DISH found incidentally. Second, our study performed evaluations using CT imaging,
which is associated with the problem of radiation exposure; therefore, it would be preferable
to use plain radiography rather than CT. Finally, the study had a cross-sectional design,
resulting in a lower level of evidence. Thus, a longitudinal study is needed to confirm
whether the severity of OSL progresses with DISH simultaneously.

5. Conclusions

DISH was found in nearly 40% of patients with symptomatic cervical OPLL, about 60%
of whom had a grade 2 DISH, using our classification system. Our DISH grade correlated
with age and the indices of OSL in other areas at each high-prevalence level as well as the
whole spine. Patients with cervical OPLL and severe DISH might also have a simultaneous
severe OSL. In patients with symptomatic cervical OPLL, DISH extending to the cervical
or lumbar spine is a radiographic sign suggesting a tendency toward diffuse ossification in
the whole spine.
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Abstract: Lateral lumbar interbody fusion (LLIF) is increasingly performed as corrective surgery
for patients with adult spinal deformity (ASD). This paper compares the surgical results of LLIF
and conventional posterior lumbar interbody fusion (PLIF)/transforaminal lumbar interbody fusion
(TLIF) in ASD using a propensity score matching analysis. We retrospectively reviewed patients
with ASD who received LLIF and PLIF/TLIF, and investigated patients’ backgrounds, radiographic
parameters, and complications. The propensity scores were calculated from patients’ characteristics,
including radiographic parameters and preoperative comorbidities, and one—to-one matching was
performed. Propensity score matching produced 21 matched pairs of patients who underwent LLIF
and PLIF/TLIF. All radiographic parameters significantly improved in both groups at the final
follow-up compared with those of the preoperative period. The comparison between both groups
demonstrated no significant difference in terms of postoperative pelvic tilt, lumbar lordosis (LL), or
pelvic incidence-LL at the final follow-up. However, the sagittal vertical axis tended to be smaller in
the LLIF at the final follow-up. Overall, perioperative and late complications were comparable in
both procedures. However, LLIF procedures demonstrated significantly less intraoperative blood loss
and a smaller incidence of postoperative epidural hematoma compared with PLIF/TLIF procedures
in patients with ASD.

Keywords: adult spinal deformity (ASD); posterior lumbar interbody fusion; lateral lumbar inter-
body fusion; sagittal correction; perioperative complications; surgical invasiveness; degenerative
adult deformity
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1. Introduction

Adult spinal deformity (ASD) is a disease defined as the deviation of the alignment of
the spinal column that presents during adulthood. ASD is caused by a variety of conditions,
such as de novo scoliosis, progressive adolescent idiopathic scoliosis, degenerative disc
disease, iatrogenic kyphosis, and post-traumatic kyphosis [1-3]. Moreover, ASD causes a
substantial and increasing burden on elderly patients and healthcare systems, as patients
with ASD have a disability and a poor health-related quality of life (HR-QOL) [4,5]. There-
fore, recognizing the importance of restoring sagittal balance in the surgical treatment
of ASD has recently increased [3]. Thus, the goal of surgical treatment for patients with
ASD is to achieve ideal sagittal alignment and balance, which are closely associated with
pain and disability [6,7]. However, because of the high risk of perioperative complications
despite the advances in surgical techniques and implant selection, surgical treatment for
ASD remains challenging [8,9].

ASD has various surgical treatments (e.g., posterior interbody fusion (PLIF), trans-
foraminal interbody fusion (TLIF), lateral lumbar interbody fusion (LLIF), and three-
column osteotomy) [10,11]. A correction at the interbody space (e.g., LLIF and PLIF/TLIF)
is a reasonable surgical method in patients with ASD and degenerative disc with kypho-
sis [1]. The current application of LLIF has increased in ASD patients [11-13]. Minimally
invasive LLIF techniques are expected to reduce the risk of intraoperative bleeding and
neurological damage, and thus LLIF may reduce the perioperative complications in the
corrective surgery for ASD. Furthermore, a large interbody cage may have the potential
to enhance spinal alignment correction in patients with ASD. However, few studies have
investigated the surgical outcomes and risks for complications in comparison with LLIF
and conventional PLIF/TLIF for patients with ASD [14].

Information regarding the surgical results of these treatment options is important
in surgeons’ decision-making. Therefore, we investigated the results of radiographic
parameters and surgical complications after LLIF and PLIF/TLIF for ASD patients in an
elderly Japanese population. A propensity score matching analysis was conducted to
minimize the selection bias of surgical procedures when comparing the surgical results of
LLIF and PLIF/TLIE.

2. Materials and Methods

This multicenter study retrospectively reviewed ASD patients who were surgically
treated between 1 January 2010 and 31 December 2016, at the hospital of this study and
seven other affiliated hospitals. Institutional review board approval was obtained at each
hospital for data collection. The inclusion criteria consisted of being >21 years of age at the
time of surgery, a minimum follow-up period of 1 year with sufficient radiographic data,
a surgery that included posterior instrumentation of >4 levels, and lower instrumented
vertebra surgery of the pelvis with iliac screws or S2 ala-iliac screws in addition to S1
pedicle screws. The etiologies included degenerative kyphosis/kyphoscoliosis and post
lumbar surgery. Patients with ASD caused by vertebral fractures were excluded.

Demographic data included age, sex, body mass index (BMI), medical comorbidities,
location of the upper instrumented vertebra, number of intervertebral fusion levels, radio-
graphic parameters, surgical procedure (i.e., LLIF, PLIF/TLIF, three-column osteotomy,
or others), surgical invasiveness (intraoperative blood loss and surgical time), and inci-
dence of surgical complications. Medical comorbidities (e.g., diabetes, renal dysfunction,
cerebrovascular disease, cardiovascular disease, and respiratory disease) were registered.
Radiographic parameters included the sagittal vertical axis (SVA), lumbar lordosis (LL),
pelvic tilt (PT), pelvic incidence (PI), and spinopelvic harmony, which are evaluated by
determining the PI minus LL (PI—-LL) before surgery, 4 weeks after surgery, and at the final
follow-up in standing position. Surgical complications are classified into perioperative
and late complications. Perioperative complications are classified into surgery-related
complications (e.g., epidural hematoma, postoperative neurological deficits, and surgical
site infection) and systemic complications (e.g., cardiovascular events and deep vein throm-
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bosis), which are usually observed soon after, or during, the operation. Late complications
included proximal junction kyphosis (PJK), distal junction kyphosis, pseudarthrosis, rod
breakage, or newly occurred vertebral fracture, which were generally caused by the stress
on the implant or vertebra.

2.1. Surgical Procedures

This study investigated two surgical procedures, the LLIF and PLIF/TLIF. In the
LLIF group in this study, first, multilevel LLIF was performed using the oblique lateral
interbody fusion (OLIF, Medtronic, Minneapolis, MN, USA) or extreme lateral interbody
fusion (XLIF, NuVasive Inc., San Diego, CA, USA) from L1-2 or L2-3 to L4-5, followed by
posterior instrumentation. Schwab grade 1 or 2 osteotomies [15] were performed from L1-2
to L5-S1 using the posterior approach. L5-51 PLIF/TLIF was then routinely performed
using large lordotic cages, and lumbar lordosis was restored using a rod cantilever and
compression technique. The instrumentation was performed from the lower thoracic
spine/thoracolumbar junction to the sacrum/ilium. In the PLIF/TLIF group in this study,
multilevel PLIF/TLIF combined with Schwab grade 1 or 2 osteotomies [15] were performed
from L1-2 or L2-3 to L5-51, and lumbar lordosis was restored using a rod cantilever and
compression technique. The instrumentation was similarly performed from the lower
thoracic spine/thoracolumbar junction to the sacrum/ilium with iliac screws or S2 ala-iliac
screws, in addition to S1 pedicle screws. A hard brace was generally used for 3-6 months
after surgery, regardless of the surgical procedures. The surgical procedure selection was
determined at the discretion of each surgeon. Generally, surgeons were more likely to
choose PLIF/TLIF when patients had histories of abdominal surgery or diseases, vascular
abnormality, and difficulties in lateral access because of a high riding psoas muscle, high
iliac crest, etc. LLIF tended to be chosen for patients who did not have the above factors,
especially when surgeons wanted to avoid greater surgical invasiveness.

2.2. Statistics Analysis

Propensity score matching analysis was conducted to minimize the selection bias
of surgical procedures by adjusting known confounding variables [16-18]. Furthermore,
propensity scores for the surgical procedure (i.e., LLIF or PLIF/TLIF) were calculated with
the following variables: the patient’s age and sex, BMI, medical comorbidities, number
of intervertebral fusion levels, and radiographic parameters (SVA, LL, PI, and PI-LL at
preoperation). The procedure was performed using a logistic regression model. The
C-statistic suggested that the fitting was 0.77, which is a fairly good state. One-to-one
matching of LLIF and PLIF/TLIF patients was performed based on propensity scores on
the condition that the caliper was <0.4. After the matching, postoperative radiographic
parameters, surgical invasiveness, perioperative complications, and late complications
were compared between the two surgical procedures in the matched cases using a Mann—
Whitney U test or chi-squared test. All statistical analyses were conducted using the
Stata/MP version 14 (StataCorp, College Station, TX, USA), and p-values of <0.05 were
considered as statistically significant.

3. Results

This study included 91 patients with full preoperative and postoperative radiographic
data with a minimum 1 year follow-up. The cohort included 76 women and 15 men (mean
age, 73.2 years; mean follow-up period, 24.2 months). Of the patients, 22 underwent
LLIF and 69 underwent PLIF/TLIF. Propensity score matching resulted in 21 pairs of
patients undergoing LLIF and PLIF/TLIF. Consequently, biases between the treatment
groups diminished after the propensity score matching. The patients’ ages and sexes, BMIs,
number of intervertebral fusion levels, and radiographic parameters before operation were
adjusted (Table 1).
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Table 1. Patient characteristics in the lateral lumbar interbody fusion (LLIF) group and the posterior
lumbar interbody fusion (PLIF)/transforaminal lumbar interbody fusion (TLIF) group after the
matching.

Parameter LLIF (N = 21) PLIF/TLIF (N = 21) p-Value
Age at surgery (years) 740+£7.6 732+£73 0.687
Sex (male/female: cases) 2/19 2/19 1.000
BMI 21.7 £ 4.0 221+33 0.823
Medical comorbidity (yes/no) 8/13 5/16 0.317
SVA (mm) 153.7 £ 78.9 148.3 + 48.6 0.763
LL (deg.) 1.1+ 126 1.6 +12.1 0.930
PI (deg.) 51.6 £9.1 50.0 £9.1 0.496
PI-LL (deg.) 50.5 + 14.5 484 +£119 0.660
PT (deg.) 37.1+154 321+77 0.162
TK (T4-12) (deg.) 284 +16.7 20.9 + 16.5 0.290
No. of fixed levels 84+19 7.7 £152 0.548

Type of anchor for pelvis
(iliac screw /S2-ala-iliac screw: cases)
Mean =+ standard deviation; LLIF, lateral lumbar interbody fusion; PLIF, posterior lumbar interbody fusion; TLIF,
transforaminal lumbar interbody fusion; BMI, body mass index; SVA, sagittal vertical axis; LL, lumbar lordosis;
PI, pelvic incidence; PT, pelvic tilt; TK, thoracic kyphosis; deg., degree; No., number.

15/6 19/2 0.116

The LLIF group had significantly lower intraoperative blood loss (849 vs. 2359 mL).
However, total surgical time was significantly longer in the LLIF group (536 vs. 421 min;
Table 2). All parameters were significantly improved at 4 weeks after surgery and at the
final follow-up compared with those at the preoperative period in both groups (Table 3).
Consequently, most of the radiographic parameters were not significantly different between
the two groups postoperatively. However, SVA tended to be smaller in the LLIF group at
the final follow-up (Table 3).

Table 2. Surgical invasion in the LLIF group and the PLIF/TLIF group.

Parameter LLIF (N = 21) PLIF/TLIF (N = 21) p-Value
Surgical time (min) 535.9 £ 123.1 426.8 +96.2 <0.001 *
Estimated blood loss (grams) 848.7 £ 477.1 2358.6 + 1911.6 <0.001 *

Mean LLIF, lateral lumbar interbody fusion; PLIF, posterior lumbar interbody fusion; TLIF, transforaminal lumbar
interbody fusion; + standard deviation; LLIF, lateral lumbar interbody fusion; PLIF, posterior lumbar interbody
fusion; TLIF, transforaminal lumbar inter-body fusion; *, p < 0.05.

Table 3. The comparison of the LLIF group and the PLIF/TLIF group for radiographic parameters at
each follow-up time.

Parameter LLIF (N = 21) PLIF/TLIF (N = 21) p-Value
At 4 weeks after surgery

SVA (mm) 241 +41.7 33.8+414 0.279
ASVA(mm) —129.6 £76.9 —114.5 +51.6 0.725
LL (deg.) 452 +78 41.0+£109 0.268
ALL (deg.) 441+151 394 +£155 0.473
PI-LL (deg.) 6.4+£89 9.1+£139 0.920
API-LL (deg.) —441+15.1 —39.0 £ 155 0.473
PT (deg.) 21.5+ 154 214 +6.1 0.890
APT (deg.) —15.6 £9.2 —-11.0 £ 54 0.057
TK (T4-12) (deg.) 36.7 £ 11.8 32.3 £ 132 0.473
ATK (T4-12) (deg.) 83+13.3 114 +13.1 0.562
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Table 3. Cont.

Parameter LLIF (N = 21) PLIF/TLIF (N = 21) p-Value
At final follow-up
SVA (mm) 232 £37.6 52.4 +£414 0.044 *
ASVA (mm) —130.4 + 84.2 —95.9 £45.0 0.097
LL (deg.) 43.9+94 40.1+10.1 0.420
ALL (deg.) 428 +15.6 385+ 183 0.513
PI-LL (deg.) 78+94 99 £16.3 0.753
PT (deg.) 25.1+14.7 21.6 75 0.092
APT (deg.) —12.0+ 123 —11.0+ 6.9 0.705
TK (T4-12) (deg.) 428 +15.6 36.7 £14.9 0.273
ATK (T4-12) (deg.) 16.7 £ 13.1 158 £15.1 0.830
Loss of correction from 4 weeks postoperatively at last observation
SVA (mm) —0.1+£49.1 18.6 £ 31.0 0.326
LL (deg.) 13+£31 09+4.0 0.638
PT (deg.) 3.6+11.1 03+59 0.289
TK (T4-12) (deg.) 6.0+67 44+77 0.434

Mean = standard deviation; LLIF, lateral lumbar interbody fusion; PLIF, posterior lumbar interbody fusion; TLIF,
transforaminal lumbar inter-body fusion; SVA, sagittal vertical axis; LL, lumbar lordosis; P, pelvic incidence; PT,
pelvic tilt; TK, thoracic kyphosis; deg., degrees; *, p < 0.05.

Table 4 shows the incidence of surgical complications in both groups. No significant
difference in the incidence of either overall local or systemic complications was observed
in terms of perioperative complications. However, the incidence of epidural hematoma
was significantly lower in the LLIF than in the PLIF/TLIF group (0.0% vs. 19.0%; p = 0.035).
Moreover, the incidence of late complications was not significantly different between the
two groups.

Table 4. Surgical complications of the LLIF group and the PLIF/TLIF group.

Parameter LLIF (N = 21) PLIF/TLIF (N = 21) p-Value

Perioperative complications

Local complications (yes/no) 4/17 (19.0%) 6/15 (28.6%) 0.454
Neurological deficit (yes/no) 4/17 (19.0%) 3/18 (14.3%) 0.679
Epidural hematoma (yes/no) 0/21 (0.0%) 4/17 (19.0%) 0.035*
Surgical site infection (yes/no) 1/20 (4.8%) 0/21 (0.0%) 0.261
Systemic complications (yes/no) 1/20 (4.8%) 1/20 (4.8%) 1.000
Cerebrovascular Deep vein
events: 1 thrombosis: 1
Total (yes/no) 5/16 (23.8%) 7/14 (33.3%) 0.482
Late complications
Implant failure (yes/no) 1/20 (4.8%) 1/20 (4.8%) 1.000
Proximal junctional kyphosis (yes/no) 5/16 (31.3%) 5/16 (31.3%) 1.000
Newly occurred vertebral fracture 3/18 (14.3%) 3/18 (14.3%) 1.000
(yes/no)
Total (yes/no) 7/14 (33.3%) 6/15 (28.6%) 0.739
Revision surgery 2/19 (9.5%) 1/20 (4.8%) 0.549

Mean *: p < 0.05.

4. Discussion

The surgical invasiveness and the associated risks of complications in ASD surgeries
remain problematic. Recently, the minimally invasive LLIF technique has been increasingly
performed to potentially reduce the surgical risks of ASD surgeries [12,19-21]. However,
insufficient information exists on whether LLIF indeed decreases the surgical invasiveness
and the incidence of surgical compilations in ASD patients. Therefore, the use of PLIF/TLIF
and the recently increased use of LLIF were compared, both of which are intervertebral
corrections for the treatment of ASD. Furthermore, the propensity matching method was
used to compare the surgical results in the two procedures. As surgical treatment for
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ASD is generally a high-risk surgery [8,9], conducting a randomized trial is difficult. The
propensity score is a balancing score calculated by logistic regression analysis, which
makes the distribution of measured baseline covariates similar between the two treatment
groups [22]. In the current study, all of the covariates were successfully adjusted after
one-to-one propensity score matching (Table 1), indicating no selection bias in the baseline
characteristics between the LLIF and PLIF/TLIF groups.

Both the LLIF and PLIF/TLIF groups in this study resulted in favorable sagittal
alignment correction, with significant improvements in SVA, LL, and PT, as well as PI-LL
mismatch, compared with the preoperative parameters. In the comparison between the
LLIF and PLIF/TLIF groups, SVA was smaller and the improvement in SVA from the
preoperative value tended to be larger at the final follow-up in the LLIF group. However,
we did not find marked differences between the two groups in terms of postoperative
LL and PI-LL at 4 weeks after surgery and at the final follow-up. Previous studies have
reported that LLIF is better able to correct sagittal imbalance than posterior corrective
fusion in ASD patients. However, the surgical procedure of the posterior approach in these
studies was the posterior spinal fusion with interbody fusion only at L5/S1, not multilevel
PLIF/TLIF [11,23,24]. In this study, four-level interbody fusion (L2/3-5/S) was conducted
in both the LLIF and PLIF/TLIF groups. In the LLIF procedure, interbody space can be
lifted up using large cages, and may potentially have greater ability to restore segmental
alignment. However, if the procedure is performed at multiple segments, the tightness
of the anterior longitudinal ligament (ALL) limits the degree of lift-up and the correction
of lumbar lordosis. Thus, the correction angle of LL in the LLIF group was slightly
higher but not significant compared with that of the PLIF/TLIF group (LLIF, 44.1° & 15.1°;
PLIF/TLIF, 39.4° 4 15.5°). The release of ALL in addition to the LLIF procedure (anterior
column realignment technique) would make a more radical correction [25,26], although
the potential risk of vascular injury exists.

Since ASD mostly affects the elderly population, surgical invasiveness for ASD pa-
tients is a major problem [23,24]. Intraoperative blood loss is one of the major factors
related to surgical invasiveness. Thus, this study demonstrated that the intraoperative
blood loss of the LLIF group was reduced to one-third compared with the PLIF/TLIF
group. In the PLIF/TLIF group, access to the intervertebral disc space was performed
through the epidural space, and therefore, bleeding from the epidural venous plexus was
inevitable at multilevel intervertebral discs. However, the LLIF group showed minimized
epidural bleeding because access to the intervertebral disc space was performed through
the retroperitoneal approach, except access to the L5/S level. Previous studies also reported
the benefits of utilizing the lateral approach in reducing intraoperative blood loss [23,24].
Consequently, the total operation time in the LLIF group averaged 100 min longer than
that in the PLIF/TLIF group. The PLIF/TLIF group was performed in this study through a
single posterior approach, whereas the LLIF group was performed through the combined
approach: the lateral oblique approach for anterior interbody fusion, and the subsequent
posterior approach for pedicle screw fixation. Thus, the combined approach makes the total
operating time much longer in the LLIF group. Previous reports have shown that blood
loss is a risk factor for perioperative complications in lumbar fusion surgery; however,
surgical time was not a significant factor [27-29]. Despite the longer operating time, LLIF
procedures may have the benefit of reducing the bleeding and surgical risks through the
combined approach. Additionally, two-stage surgery (performing anterior and posterior
approaches on a separate day) can be selected for high-risk patients in LLIF procedures.
Thus, the LLIF procedure is considered to be a good option for safe, corrective surgery for
elderly ASD patients because patients with ASD are commonly older in age. Percutaneous
posterior fixation, which is applicable for flexible patients, would further reduce surgical
invasiveness [30-34].

The overall incidence of perioperative complications, including local and systemic
complications, was not significantly different between the two groups in the present study.
However, the incidence of epidural hematoma was significantly higher in the PLIF/TLIF
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group than in the LLIF group. The possible reasons for the reduced hematoma incidence
are that the LLIF group in this study required minimal epidural manipulation, and that
surgery-related bleeding occurred significantly less in the LLIF group compared to the
PLIF/TLIF group. Previous studies reported that the abundant intraoperative blood
loss was a significant risk factor for early perioperative complications in the fusion and
instrumentation of degenerative lumbar scoliosis [27-29]. Therefore, the LLIF procedure
may potentially reduce surgical risks for ASD patients. In terms of late complications,
no differences were noted in overall incidence, implant failure, PJK, or newly occurred
vertebral fractures between the two groups. This result is similar to previous reports of
comparisons between LLIF and single posterior approaches in surgical treatments for
ASD [11,23,24,35]. We generally use hard braces after the surgery for 3-6 months. However,
the long-term use of hard braces is reported to cause complications in elderly patients [36].
It was also reported that bracing after deformity-correction surgery did not effectively
reduce PJK [37]. At the final stages, shifting from a hard brace, to a soft brace, or a dynamic
brace [38] may be important for avoiding brace-related complications, preserving back
muscle strength and improving QOL.

This study has several limitations. The main limitations are the small number of
patients and their short-term follow-up. Further studies should involve a larger sample
size and a longer follow-up period. In addition, HR-QOL was not investigated in this
study. Previous studies have reported that lumbar spinal fusions and corrective surgeries
are effective in improving QOL [6,24,39-41]. Further studies should be conducted using
HR-QOL evaluations, such as the Oswestry Disability Index, SRS-22, and SF-36. Lastly,
the choice of surgical approaches was not randomized in this study. A propensity score
matching analysis was conducted to minimize the selection bias of the surgical procedures.

Despite these limitations, this is the first study that compared multilevel LLIF and
PLIF/TLIF procedures for ASD patients using propensity score matching methods, clearly
showing that intraoperative bleeding and postoperative hematoma were reduced in the
LLIF procedures.

5. Conclusions

In comparison with LLIF and PLIF/TLIF procedures for the correction of ASD, the
majority of the radiographic parameters were not significantly different between the
two groups postoperatively. However, SVA tended to be smaller in the LLIF group at
the final follow-up. Overall perioperative complications were comparable in LLIF and
PLIF/TLIF for patients with ASD. However, LLIF procedures demonstrated significantly
less intraoperative blood loss and a smaller incidence of postoperative epidural hematoma.
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Abstract: Various studies have found a high incidence of early graft dislodgement after multilevel
corpectomy. Although a hybrid fusion technique was developed to resolve implant failure, the hybrid
and conventional techniques have not been clearly compared in terms of perioperative complications
in patients with severe ossification of the posterior longitudinal ligament (OPLL) involving three or
more levels. The purpose of this study was to compare clinical and radiologic outcomes between
anterior cervical corpectomy with fusion (ACCF) and anterior hybrid fusion for the treatment of
multilevel cervical OPLL. We therefore retrospectively reviewed the clinical and radiologic data of
53 consecutive patients who underwent anterior fusion to treat cervical OPLL: 30 underwent ACCF
and 23 underwent anterior hybrid fusion. All patients completed 2 years of follow-ups. Implant
migration was defined as subsidence > 3 mm. There were no significant differences in demographics
or clinical characteristics between the ACCF and hybrid groups. Early implant failure occurred
significantly more frequently in the ACCF group (5 cases, 16.7%) compared with the hybrid group
(0 cases, 0%). The fusion rate was 80% in the ACCF group and 100% in the hybrid group. Although
both procedures can achieve satisfactory neurologic outcomes for multilevel OPLL patients, hybrid
fusion likely provides better biomechanical stability than the conventional ACCF technique.

Keywords: anterior cervical corpectomy and fusion; hybrid fusion; ossification of the posterior
longitudinal ligament; implant failure; graft subsidence; complications; perioperative outcomes;
fusion rate; segmental paralysis; mechanical stability

1. Introduction

Ossification of the posterior longitudinal ligament (OPLL) is a heterotopic ossification
of spinal ligaments and a unique degenerative spine disease that causes neurologic disor-
ders in middle and old age [1,2]. Although the prevalence of OPLL in Asian countries is
reported to range from 1.9% to 4.3% [2], a majority of patients with OPLL seem to have
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no neurologic symptoms [3]. However, ossified lesions that develop in the spinal canal
compress the spinal cord and nerve roots, causing myelopathy or radiculopathy [4]. Surgi-
cal treatment should be provided for patients with progressive myelopathy [5,6], whereas
conservative treatment is suitable for minimally symptomatic patients [7].

Surgical strategies have evolved as options for treating OPLL based on various studies.
Posterior decompression with fusion was demonstrated to provide indirect decompression
and stabilize the spinal structure in multiple segments [8]. However, it is also known
that sufficient decompression cannot be achieved via a posterior approach in patients
with massive OPLL who have kyphosis, and outcomes are relatively poor in posterior
decompression with fusion even after eliminating the dynamic factor [9]. Anterior cervical
corpectomy and fusion (ACCF) is a key strategy for achieving adequate decompression in
patients with cervical OPLL [6]. However, implant failure often occurs in patients treated
with anterior cervical corpectomy, and other complications also frequently occur, such as
respiratory problems and dysphagia [10]. It was also reported that ACCF results in higher
perioperative complication rates compared with anterior cervical discectomy and fusion
(ACDF) [11]. Graft dislodgement immediately after ACCF requires emergent salvage
surgery; therefore, posterior surgery is widely used by spine surgeons and neurosurgeons
even for the treatment of patients with massive ossification or sagittal malalignment [12].
To overcome these issues, an anterior hybrid technique of combined ACCF and ACDF
was developed for patients with multiple segmental OPLL [13,14]. This technique allows
for more screws to be placed to stabilize the anterior strut, and it is thought to provide
better postoperative stability of the fused segments compared with ACCF for patients with
multi-level OPLL [15]. However, no investigations have compared traditional ACCF and
hybrid ACCF to perform a detailed verification of the structural stability of constructs in
these two surgeries, and no studies have focused exclusively on patients with severe OPLL
involving three or more segments. Therefore, we conducted this retrospective study to
compare the clinical and radiologic outcomes of anterior decompression with traditional
ACCF and hybrid ACCEF in patients with severe OPLL.

2. Materials and Methods
2.1. Patients and Methods

This single-center retrospective cohort study was carried out in accordance with the
STROBE guidelines [16] and compared ACCF and hybrid fusion for treatment of patients
with OPLL involving >3 levels. Patients with a history of previous cervical spine surgery
or injury were excluded. The study involved consecutive patients in whom anterior surgery
was required to treat severe myelopathy due to a compressive lesion involving at least
3 segments, regardless of the duration of symptoms, in our hospital from 2007 to 2018.
We previously performed traditional ACCEF for all patients until 2011, and thereafter we
performed anterior hybrid fusion where possible for patients in whom the vertebral body
in the lesion could be preserved. In principle, anterior cervical surgery was performed
in patients with OPLL occupying 50% or more of the anteroposterior diameter of the
spinal canal. The level to be decompressed was decided based on the neurologic findings
and the presence of spinal cord compression. In addition, we performed corpectomy in
the levels that had the most compressive OPLL lesion and applied ACDF in the most
proximal or distal segments that had relatively small compressive lesions in the anterior
hybrid operation.

2.2. Operative Technique
2.2.1. Anterior Cervical Corpectomy with Fusion (ACCF Group)

The operative technique for this procedure was described previously [1]. The anterior
decompression with fusion procedure includes partial removal of vertebral body and discs
with a strut graft. Segments to be operated were diagnosed based on preoperative radio-
graphic and clinical findings. The length of the bone graft was measured intraoperatively
using X-calipers between the upper and lower endplates of vertebral bodies operated
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in a neutral cervical position. A strut graft collected from the iliac crest or made using
artificial bone made from hydroxyapatite (Boneceram®; Olympus Corporation, Tokyo,
Japan) was used for 2 corpectomies (3 segments), and fibula strut grafts were used for 3
or more corpectomies (4 or more segments). A semi-rigid plate was inserted in all cases.
In principle, fixed screws were placed for the distal vertebrae and variable screws for
the proximal vertebrae (VENTURETM Anterior Cervical Plate System; Medtronic Sofamor
Danek Inc., Memphis, TN; Figure 1a). This technique was performed by five senior spine
surgeons. Patients basically wore a neck collar for 2-3 months postoperatively.

(a)

T1 slope

(d)

Figure 1. Long semi-constrained plate fixation with artificial bone graft. (a) Preoperative radiograph
showing the C2-7 lordotic angle, C-SVA, and T1 slope. Postoperative radiographs (b) after dual-level
corpectomy (C4-5) and ossification floating decompression and (c) with dual artificial bone graft
after discectomy (C3/4) and single corpectomy (C5). (d) Postoperative radiograph showing fused
segment angle and fused segment height in the ACCF group. (e) Postoperative radiograph showing
fused segment angle and fused segment height in the hybrid group.

2.2.2. Anterior Hybrid Procedure (Corpectomy-Discectomy with Fusion, Hybrid Group)

The >2 levels that caused relatively severe cord compression were treated with cor-
pectomy (as in the ACCF group), and the remaining disc level was treated with discectomy.
Autograft or artificial bone graft (Boneceram®; Olympus Corporation, Tokyo, Japan) for
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segments treated with corpectomy and cervical fusion cage or artificial bone graft were
placed with a plate and 6-screws fixation (Figure 1b). This technique was performed by four
senior spine surgeons. Patients basically wore a neck collar for 2-3 months postoperatively.

2.3. Clinical Evaluations

Most of the patients visited at 3, 6, 12, 18, and 24 months for postoperative clinical
and radiologic follow-up. All patients were followed up for 2 years at our institution. The
degree of cervical myelopathy before and after surgery was assessed using the Japanese
Orthopaedic Association (JOA) scoring system [5]. Briefly, this score comprises four items,
including upper extremity motor function, lower extremity motor function, sensory func-
tion, and bladder function (Table 1). The JOA score is the sum of these items (I + II + III + IV
in Table 1). The recovery rate of the JOA score was calculated to compare pre- and post-
operative JOA scores as follows: Recovery rate (%) = (Postoperative score—Preoperative
score) x 100/(17—Preoperative score). These clinical findings were recorded using elec-
tronic data capture (Claris FileMaker Pro 19; Claris International, Cupertino, CA) with
security systems in place. The presence of dysphagia was defined as moderate or severe
symptoms according to Bazaz score. The incidence of segmental paralysis (so-called C5

palsy), aspiration pneumonia, delirium, and deep venous thrombosis were recorded.

Table 1. Scoring system for cervical myelopathy (JOA score).

I Upper extremity motor function

3:
4:

Unable to feed oneself with any tableware including chopsticks, spoon, or fork,
and/or unable to fasten buttons of any size

Can manage to feed oneself with spoon and/or fork but not chopsticks

Either chopsticks feeding or writing is possible but not practical,

and/or large buttons can be fastened

Either chopsticks feeding or writing is clumsy but practical,

and/or cuff buttons can be fastened

Normal

II Lower extremity motor function

0:
0.5:
1:
1.5
2:
2.5:
3:
4:
III Sensory function
A. Upper extremity
0.

0.5:
1:
1.5:
2:

B. Lower extremity

C. Trunk

IV Bladder function
0:

1:
2:
3.

Unable to stand up and walk by any means

Able to stand up but unable to walk

Unable to walk without a cane or other support on level ground

Able to walk without support but with a clumsy gait

Walks independently on level ground but needs support on stairs

Walks independently when going upstairs, but needs support when going downstairs
Capable of walking fast but clumsily

Normal

Complete loss of touch and pain sensation

50% or below of normal sensation and/or severe pain or numbness

Over 60% of normal sensation and/or moderate pain or numbness
Subjective numbness of a slight degree without any objective sensory deficit
Normal

Same as A

Same as A

Urinary retention and/or incontinence

Sensory of retention, dribbling, thin stream and/or incomplete continence

Urinary retardation and/or pollakiuria
Normal
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2.4. Radiologic Evaluations

Cervical sagittal alignment (C2-7 lordotic angle) was assessed using tangential lines
drawn on the posterior edge of the C2 and C7 vertebral bodies on lateral radiographs
acquired in a neutral standing position [10]. Preoperative center of the head—C?7 sagittal
vertical axis (C-SVA) [17] and T1 slope [18]—were also measured (Figure 1a). The fused
segment angle (FSA) and fused segment height (FSH) were also determined. Briefly, FSA is
the angle between lines drawn parallel to the cranial endplate of the cranial vertebrae of the
fused segment and the caudal endplate of the caudal vertebrae of the fused segment, and
FSH was determined as the mean value of the anterior and posterior vertebral body heights
at the fused segments (Figure 1d,e) [19,20]. In the hybrid group, these parameters were
independently calculated in the ACCF and ACDF segments. Additionally calculated were
changes in both FSA (AFSA) and FSH (AFSH) between before and immediately after the
operation, | AFSA | and | AFSH . Graft migration was defined as subsidence >3 mm. Solid
fusion was defined as the presence of continuous bone connecting the Luschka joints at the
operated segments on X-ray. Radiologic measurements were performed by an independent
assessor (M.H.). Formal analysis was performed by another independent assessor (T.H.).
These two doctors are certified by the Japanese Society for Spine Surgery and Related
Research to perform spine surgery.

2.5. Statistical Analysis

Differences between the two groups were assessed using one-way analysis of variance,
the Mann Whitney U test, or the Chi-square test. Multivariate logistic regression with a
forward stepwise procedure was performed to identify key risk factors for postoperative
implant migration (p < 0.1 for entry), with occurrence of graft migration as the objective
variable and age, sex, and radiographic parameters as explanatory variables. All statistical
analyses were carried out using SPSS for Windows (version 20.0; IBM Corp., Armonk, NY,
USA). A p-value of less than 0.05 was considered statistically significant.

3. Results
3.1. Demographic Data and Clinical Outcomes

Patients (41 men, 12 women; follow-up rate, 100%) completed at least 2 years of follow-
ups (Table 2). Of these, 30 patients were categorized into the ACCF group and 23 into the
hybrid group. Mean preoperative/postoperative JOA scores were 11.9/15.0 points and
11.1/14.6 points, respectively. The average number of fused segments was 3.3 levels in the
ACCF group and 3.5 levels in the hybrid group. Mean estimated blood loss and operative
time were 437 mL and 6.5 h in the ACCF group and 197 mL and 6.0 h in the hybrid group,
respectively. Duration of intensive care unit (ICU) stay and timing of extubation were
respectively 2.8 days and 0.5 days in the ACCF group and 3.3 days and 0.9 days in the
hybrid group. Duration of hospitalization was 24.2 days and 29.3 days, respectively. There
were no significant differences in demographic and clinical characteristics between the
two groups.

The incidence of perioperative complications was similar between the groups (Table 3).
In the ACCF group, there was persistent dysphagia in four cases categorized as moderate
by their Bazaz score (13.3%), aspiration pneumonitis in three (10%), delirium in two
(6.7%), segmental paralysis in two (6.7%), and deep vein thrombosis in one (3.3%). In
one case, dysphagia did not resolve until 2 months after the operation. However, other
complications were resolved during the hospital stay. In the hybrid group, there was
one case each (4.3%) of dyspnea caused by internal hematoma, aspiration pneumonitis,
delirium, and segmental paralysis.
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Table 2. Demographic and clinical characteristics in the ACCF and hybrid groups.

ACCF Group Hybrid Group

(n=30) (n=23) 4
Age (years) 61.7 £9.1 629 £10.5 0.71
Male:Female 24:6 17:6 0.74
Diabetes mellitus (%) 10 (33.3) 6(26.1) 0.57
History of smoking (%) 12 (40) 7(30.4) 0.47
Preoperative JOA score (points) 119 £21 111 £3.8 0.39
Postoperative JOA score (points) 150+ 14 14.6 +2.3 0.50
Recovery rate of JOA score (%) 56.3 +32.1 70.4 +27.0 0.12
No. of fused segments 33+0.6 35+07 0.33

Artificial bone 20 P
Graft type in ACCF part Fibular graft 6 A}r:lflaal bone 20 0.28
Tliac eraft 4 ibular graft 3
&
. Artificial bone 20

Graft type in ACDF part - fusion cage 3 -
Estimated blood loss (mL) 437 + 778 197 + 151 0.20
Operating time (h) 65+24 6.0+24 0.40
Duration of ICU stay (days) 28+ 14 33+£26 0.39
Time to postoperative extubation (days) 05+1.1 09 +£26 0.55
Hospital stay (days) 242 +10.7 29.3+12.3 0.55

Data are shown as the mean = standard deviation. ACCEF, anterior cervical corpectomy with fusion; JOA, Japanese
Orthopaedic Association; ICU, intensive care unit.

Table 3. Perioperative complications in the ACCF and hybrid groups.

ACCF Group Hybrid Group
(= 30) (n=23) r
Complications, 1 (%)

Total 12 (40%) 4 (17.4%) 0.08
Dysphagia 4 (13.3%) 0 (0%) 0.07
Aspiration pneumonitis 3 (10%) 1(4.3%) 0.44
Delirium 2 (6.7%) 1 (4.3%) 0.72
Segmental paralysis 2 (6.7%) 1(4.3%) 0.72
DVT 1 (3.3%) 0 (0%) 0.37
Dyspnea (internal hematoma) 0 (0%) 1(4.3%) 0.24

Revision surgery, 1 (%)
Total 5 (16.7%) 1 (5.3%) 0.16
Graft dislodgement 5 (16.7%) 0 (0%) 0.04 *
Segmental paralysis 0 (0%) 1(5.3%) 0.24

Data are shown as the mean =+ standard deviation. ACCEF, anterior cervical corpectomy with fusion; DVT, Deep
vein thrombosis; * Statistically significant, p < 0.05.

Revision surgery for implant failure was performed in five cases (16.7%) in the ACCF
group but in none in the hybrid group (Table 3). However, additional corpectomy was
required for one patient who developed segmental motor dysfunction in the hybrid group.
The incidence of reoperation, especially due to strut dislodgement immediately postop-
eratively, was significantly higher in the ACCF group compared with the hybrid group
(p = 0.04, Table 3).

3.2. Radiographic Outcomes

Chronological changes on radiographs were evaluated. Mean C2-7 angle increased
immediately postoperatively and was maintained in both groups (Figure 2a). C-SVA was
increased immediately postoperatively, but it had gradually decreased by 6 months postop-
eratively in both groups (Figure 2b). T1 slope did not change during the follow-up period
(Figure 2c). In the ACCF group, mean FSA was increased immediately postoperatively and
was maintained. However, there was a gradual decrease with a loss of 0.7 degrees 1 year
after the operation. In the hybrid group, mean FSA was increased in segments treated
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with either ACDF or ACCEF after surgery and was unchanged at the 1-year follow-up
(Figure 2d).
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Figure 2. Radiographic measurement of (a) C2-7 angle; (b) C2-7 SVA; (c) T1 slope; (d) FSA; and (e) FSH in the ACCF and
hybrid groups.
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In the ACCF group, mean FSH was increased by 2 mm immediately postoperatively.
However, there was a 2-mm decrease at 1 year postoperatively. In the hybrid group, mean
FSH was unchanged postoperatively, even compared with preoperatively (Figure 2e). Strut
subsidence was observed in eight cases (26.7%) in the ACCF group and three cases (13.0%)
in the hybrid group (Table 4). Among patients with strut subsidence, secondary surgery
was required for early implant dislodgement in four cases in the ACCF group, but no
secondary surgeries were required in the hybrid group. The fusion rate was significantly
higher in the hybrid group than in the ACCF group (100% vs. 80%).

Table 4. Radiologic outcomes in the ACCF and hybrid groups.

ACCEF Group Hybrid Group
(n = 30) (n = 23) r
Preoperative 112 +11.4 9.7 +£12.0 0.76
C2-7angle (°)  Immediate postoperative 13.0 +10.1 13.0 +11.7 0.94
1 year 119+9.8 12.6 £9.9 0.66
Preoperative 23.4 4+ 149 214+ 155 0.97
C-SVA (mm) Immediate postoperative 27.6 +16.0 26.0 £13.5 0.59
1 year 20.9 £13.5 16.9 £9.5 0.39
Preoperative 21.2+63 262 +9.1 0.77
T1 slope (°) Immediate postoperative 233+78 264 £72 0.27
1 year 219+ 6.4 255473 0.61
ACCF ACDEF part ACCEF part Overall
Preoperative 29 £11.6 1.1+£59 —-1.6 £8.9 1.9+ 113 0.77%
FSA (°) Immediate postoperative 5.7 £10.0 424109 1.8 +£6.0 4.7 +£10.8 0.27 *
1 year 51+94 42+13 1.7 £6.0 43+104 0.36 *
Preoperative 66.6 = 15.7 374 +£58 59.6 £9.6 69.4+16.3 0.66 #
FSH (mm) Immediate postoperative 684 +£17.1 37.0£77 59.0 £9.9 69.1 £15.4 0.54 *
1 year 66.4 +15.0 36.8 7.4 58.4 + 8.6 68.8 & 15.1 0.37#
AC2-7 angle (°) 1.8 £82 33+82 0.53
AFSA (°) 28+79 2.6 +8.1 28+75 28+84 0.96*
AFSH (mm) 324+71% —-04+3.0 —0.6 £3.5 1.4+77 0.23*
Graft subsidence (cases) 8 (26.7%) 3 (13.0%) 0.22
Fusion rate 80% 100% * 0.02*

Data are shown as the mean =+ standard deviation. ACCF, anterior cervical corpectomy with fusion; ACDF, anterior cervical discectomy
with fusion; C-SVA, cervical-sagittal vertical axis; FSA, fused segmental angle; FSH, fused segmental height. * Statistically significant, p <
0.05. ¥ Compared between the ACCF group and all patients in the hybrid group.

3.3. Association of Change in FSH Immediately Postoperatively with Strut Subsidence in the
ACCF Group

To identify postoperative structural changes in the fused segments, associations be-
tween the incidence of graft dislodgement and parameters including FSA and FSH were
evaluated in the ACCF group. Graft subsidence was more likely to occur in those with
AFSH > 5 mm (Figure 3a). Of note, early strut dislodgement that required secondary
surgery occurred in three of four cases with AFSH >10 mm. Stepwise logistic regression
analysis demonstrated that only |AFSH | was a key risk factor for postoperative graft
subsidence (odds ratio 1.328, 95% confidence interval 1.017-1.733; p = 0.04; Figure 3b).
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Figure 3. (a) Plot showing changes in FSA and FSH (AFSA and AFSH) and the incidence of graft subsidence; (b) Plot
showing associations between absolute values of AFSA and AFSH and graft migration. A large | AFSH | is more closely

linked with graft migration than | AFSA .

4. Discussion
Various studies have discussed the superiority of certain surgical procedures for
the treatment of patients with multilevel OPLL [5,6,8,9,21]. A meta-analysis revealed
the anterior procedure provides more favorable results in terms of neurological recovery
and postoperative cervical alignment [5]. Fujiyoshi et al. developed the K-line, which
connects the midpoints of the spinal canal at C2 and C7 on neutral lateral radiographs, as a
means of predicting poor clinical outcomes in patients with ossification of the posterior
longitudinal ligament (OPLL) [22]. They classified OPLL patients into two groups, K-line
(+) and K-line (—), and demonstrated that there was an insufficient posterior shift of the
spinal cord and no neurologic improvement after posterior decompression surgery in
patients in the K-line (—) group, in whom the anterior compression of OPLL exceeds the
line. Notably, the classification is able to predict whether anterior compression of the
spinal cord, which often impairs postoperative neural recovery [23], remains even after
posterior decompression, and thus it is a very effective tool for deciding which surgical
treatment—anterior or posterior—should be performed [8]. We also previously reported
better outcomes after ACCF than after posterior procedures in patients who had severe
OPLL with kyphotic alignment [9,21]. However, most comparative studies have shown
that surgical complications were more frequent with anterior cervical surgery [6,21,24]. Of
all complications after ACCF, airway obstruction and early graft migration are the most
serious, often leading to emergency treatment and high reoperation rates [6,21,24]. For
spine surgeons and neurosurgeons especially, it is important to recognize risk factors for
predicting such perioperative complications.
This study also showed that the hybrid group had a relatively higher recovery rate in
terms of JOA score (Table 1) and a lower incidence of complications (Table 2), although
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these differences did not reach significance. Additionally, no significant differences were
found in terms of duration of ICU stay, the timing of postoperative extubation, hospital stay,
or blood loss, although blood loss was certainly lower in the hybrid group. Fortunately,
none of our patients needed a blood transfusion due to circulatory shock in this study. We
speculate that corpectomy often violates the epidural venous plexus when decompressing
the lateral portion of the spinal canal, thereby increasing the incidence of massive epidural
bleeding in the ACCF procedure. Hospital stays were somewhat longer in the hybrid group
than in the ACCF group, despite the lower complication rate in the hybrid group. Although
there were more mechanical complications in the ACCF group, this finding suggests that
the ACCF technique may be more invasive but may not affect the general condition of the
patient as much as the hybrid procedure seems to.

Various studies have investigated the incidence of complications after anterior cervical
surgery, which is reported to range from 11.3% to 64.3% [5,6,21,25-27]. Generally, it has
been recognized that the hybrid procedure results in lower complication rates, ranging
from 0% to 22.2%, and improved clinical outcomes compared with conventional ACCF,
ranging from 6.2% to 43.6% [14,28,29]. In our study, the rate was 30.2% overall (ACCF,
40%; hybrid, 17.4%), relatively consistent with the results of previous studies. Of note,
dysphagia occurred in four cases (13.3%) in the ACCF group, but did not occur in the
hybrid group. A recent meta-analysis reviewed 38 studies and found an incidence of 16.8%
after anterior cervical surgery [30]. Fortunately, the complication rate of dysphagia in this
study was lower than previously reported. We speculate that because our institution is a
high-volume center for cervical spine surgery, especially anterior cervical spine operation,
the complication rate might be relatively low. Despite finding no significant difference
between the two groups in our study, dysphagia caused by postoperative soft tissue
swelling was likely lower in the hybrid group (0%) than in the ACCF group (13.3%). First,
various surgical instruments, such as surgical osteotomes and retractors, were different
between these two group because the patients categorized into the ACCF group underwent
surgery in an earlier period than those in the hybrid group. Second, posterior cooling
pads were placed on the anterior aspect of the neck immediately after surgery to prevent
soft tissue swelling from 2012. In addition, we speculate that the superior laryngeal nerve
and muscles related to swallowing might be less susceptible to mechanical damage in the
hybrid group than in the ACCF group, likely because operative retractors can be loosened
during decompression of the ossified lesions in the most compressed segment in the hybrid
group, although they should be sufficiently expanded during decompression in the ACCF
group. Because dysphagia can potentially develop even in patients treated with anterior
hybrid fusion, it should be kept in mind postoperatively for both patients undergoing
traditional ACCF and those undergoing hybrid fusion. Nevertheless, we believe that the
hybrid technique could be a less invasive and more structurally stable strategy for treating
severe OPLL compared with the conventional ACCF method.

It is known that multiple ACDF provides several advantages over multiple corpec-
tomies [11]. ACDF is less invasive and is technically easier than ACCEF. There is also less
graft dislodgement, better correction of kyphotic deformity, and less need for postoperative
immobilization because the screws are inserted into the preserved vertebral bodies [11].
However, there is some degree of difficulty involved in decompressing multilevel continu-
ous lesions in the spinal canal and foramen using ACDF [8,20]. In patients with multilevel
OPLL, corpectomy is often required to decompress the lesion entirely [20,21]. Vaccaro
et al. reported that early graft dislodgement was seen in 9% of patients treated with
1-vertebra body corpectomy, and in as high as 50% of those receiving 2-vertebral body
corpectomy [31]. Similarly, Okawa et al. reported that implant migration was observed in
30% of patients undergoing ACCF with average 3.8-level decompression [32]. The present
study is the first to focus exclusively on severe OPLL affecting three or more levels and
demonstrated that the incidence of reoperation for graft dislodgement was significantly
higher in the ACCF group (16.7%) compared with the hybrid group (0%). In addition,
mean FSH was decreased by 2 mm at 1 year after surgery in the ACCF group, whereas
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it was unchanged in the hybrid group (Table 3 and Figure 2e). Interestingly, mean FSH
at 1 year returned to the preoperative value in the ACCF group. These findings suggest
that the longer sized-graft bone could be applied to patients with >3 levels OPLL. As we
previously reported, a postoperative increase in FSH can affect graft stability and lead to
early implant migration [13]. The long lever arm created by long strut graft and fixation
with four screws in the ACCF technique often stresses the screws and sometimes results in
graft dislodgement [20]. A biomechanical study demonstrated that the hybrid technique
was more effective for strengthening cervical stability and reconstructing sagittal alignment
compared with the ACCF technique [33]. We also found that the fusion rate was signifi-
cantly higher in the hybrid group at 1 year after the surgery. Taken together, our findings
and previous findings indicate that the placement of two additional anchors in the hybrid
technique can reduce stress on the proximal and distal screws and prevent loosening of the
screws and graft dislodgement.

In this study, C2-7 lordotic angle and C-SVA were improved in both the ACCF and
hybrid groups. Various studies have shown improvement and maintenance of cervical
sagittal alignment after anterior cervical surgery [8,10,20,21]. This suggests that complete
anterior decompression of ossified lesions may allow patients to assume a posture with
more extension of the cervical spine. However, repeated micromotion can loosen the
screws and could lead to severe reconstruction failure even while wearing a neck collar
postoperatively. Particularly in cervical OPLL in patients with ankylosing spondylitis,
reconstruction surgery with rigid fixation should be applied for the affected levels adjacent
to the lesion. Interestingly, the prevalence of diffuse idiopathic skeletal hyperostosis (DISH)
w shown to be approximately 45% in cervical OPLL patients [34,35]. Other observational
studies have also demonstrated that multiple ossified lesions in the cervical spine often
coexist with ossification of the spinal ligaments in the thoracolumbar spine [34,36-38]. In
our study, of the four patients who underwent secondary surgery due to early implant
failure in the ACCF group, three had DISH. Therefore, reconstruction surgery with rigid
fixation and adequate structural alignments, such as hybrid fusion or anterior pedicle
screw fixation [39], should be performed for cervical OPLL in patients with ankylosing
thoracic spondylitis.

This study has several limitations. First, this was a retrospective study with a relatively
small number of subjects and heterogeneity in terms of the implants used. Second, the
degree of preservation of the cephalic and caudal endplates was not consistent in our series,
although it was preserved as much as possible. Third, we could not assess factors associated
with the location of the graft or screw angle and length. Fourth, these two techniques
were performed by several independent surgeons. Fifth, the period was different between
the two methods. Nevertheless, despite these limitations, our study highlights the fact
that FSH should not be increased extremely after graft placement and plating should be
carried out to prevent postoperative graft dislodgement in ACCF. Additionally, the hybrid
fusion procedure is recommended for multilevel cervical OPLL in patients with ankylosing
spondylitis to achieve sufficient stability of fused segments.

5. Conclusions

This study is the first to compare conventional ACCF and the hybrid fusion technique
focusing exclusively on patients with severe OPLL involving three or more levels. Although
both procedures can achieve satisfactory neurologic outcomes in patients with multilevel
OPLL, hybrid fusion was superior to the conventional ACCF technique in terms of fusion
rate and perioperative graft stability.
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Abstract: The relationship between spinal posture and quality of life has garnered considerable
attention with the increase in older community-dwelling residents. However, details of this associa-
tion remain insufficient. A recent Japanese population cohort epidemiological locomotion survey
(the Obuse study) revealed that the C2—C7 cervical sagittal vertical axis (CSVA) began to increase
in males from their 60s, but not in females. This study aimed to clarify the pathology of these
cervical spondylotic changes. A total of 411 participants (202 male and 209 female) aged between
50 and 89 years were selected by random sampling from a cooperating town'’s resident registry. All
participants underwent lateral X-ray photography in a standing position for the measurement of
several sagittal spinal alignment parameters, including CSVA, C2-C7 cervical lordosis (CL), T1 slope
(T1S), and sagittal vertical axis (SVA). The presence of cervical spondylotic changes was also recorded.
Associations of cervical sagittal spinal alignment with cervical spondylosis and between cervical and
total sagittal spinal alignment were examined. The prevalence of cervical spondylosis was signifi-
cantly higher in males (81%) than in females (70%) (p = 0.01). CL was significantly smaller in cervical
spondylosis subjects when adjusted by age (3.4 degrees less; p = 0.01). T1S minus CL displayed a
moderate positive correlation with CSVA in both males and females (r = 0.49 and 0.48, respectively,
both p < 0.01). In males only, CSVA and CL showed weak positive correlations with SVA (r = 0.31 and
0.22, respectively, both p < 0.01) independently of age. Cervical spinal misalignment was more clearly
associated with diminished SF-8™ scores in females than in males. In community-dwelling elderly
residents, cervical sagittal spinal alignment change accompanying cervical spondylosis manifested
as hypofunction to compensate for whole-spine imbalance.

Keywords: epidemiological study; resident cohort; resident registry; spinal alignment; spinal balance;
cervical spine; aging; gender; adult spine

1. Introduction

Sagittal spinal alignment is more strongly correlated than coronal spinal alignment
to health-related quality of life (HRQOL) [1] even for mild spinal deformity, which can be
an important barometer of health status for ordinary citizens. Sagittal spinal alignment
deteriorates with age in community-dwelling older people [2—4]. In addition, an increase in
sagittal vertical axis (SVA; anteriorization of the center of gravity line of the cervical spine
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base) is associated with a decrease in lumbar lordosis [5]. Age-related changes in lumbo-
pelvic condition are known to affect sagittal spinal alignment. Two epidemiological studies
conducted in different regions corroborated the finding of a characteristic gender difference
in the process of spinal alignment change with aging. Specifically, alignment changes over
time in males were prominent in the cervical spine region, while females predominantly
displayed changes in the lumbo-pelvic area [3,4]. However, no clear evidence has been
presented on the reasons for such phenomena. Spinal alignment can be affected by a
variety of factors, including activity level and profession. Age-related cervical spondylosis
may contribute to poor alignment of the cervical spine [6]. This study aimed to clarify
the pathomechanism of sagittal cervical alignment changes in community-dwelling older
residents.

2. Materials and Methods
2.1. Creation of a Randomly Sampled Resident Cohort for Epidemiological Survey

In the establishment of a new population study of Japanese people, we employed ran-
dom sampling from the basic resident registry of a cooperating town to minimize selection
bias and obtain a cohort representative of the general population. Residents between the
age of 50 and 89 years were randomly sampled from the basic resident registry of a town
to construct a 415-participant cohort termed “the Obuse study” cohort. “Obuse” is the
name of the cooperating town located in the central inland area of Japan, with a population
of approximately 10,000 people. The Obuse study is a comprehensive investigation on
the locomotion health of community-dwelling older people. In the Obuse study cohort,
411 individuals who were able to stand unassisted and whose cervical spinal alignment
could be measured were subjected to analysis. According to participant interview re-
sults, 21 subjects with a history of thoracolumbar spondylosis and five with a history of
rheumatoid arthritis were included. As they were not in such a condition that would cause
them to lose their standing balance, they were added to the analysis. Individuals with
spinal instrumentation surgery were not included, and those with diagnosed illnesses that
significantly altered balance, such as adult spinal deformity and Parkinson’s disease, were
excluded as well.

2.2. X-ray Examination and Measurement of Spinal Alignment

All participants underwent lateral X-ray photography for the measurement of sagittal
spinal alignment parameters, including C2-C7 sagittal vertical axis (CSVA; the distance
between a plumb line from the center of the C2 vertebral body and posterior superior
corner of C7), C2-C7 cervical lordosis (CL; the angle between the C2 inferior endplate
and C7 inferior endplate), T1 slope (T1S), and SVA. The average values of measurements
by two board-certified spine surgeons and a trained staff member were used for each
parameter. The inter-rater reliability of each parameter was as follows: 0.96 for CSVA, 0.88
for CL, 0.88 for T1S, and 0.95 for SVA. The presence of cervical spondylotic changes was
also recorded. The two spine surgeons independently determined the presence or absence
of spondylotic changes, with cases determined as having spondylosis by both raters being
regarded as spondylotic (inter-rater reliability: 0.95). Osteophyte formation around the
vertebral endplates with a loss of intervertebral disc height as well as osteophyte formation
and osteosclerotic change of the articular facet joints were defined as spondylotic changes.

2.3. HRQOL Assessments

SF-8™ Health Survey measures were determined for all participants for HRQOL
evaluation. Results were calculated and expressed as two summary scores: physical
component summary (PCS) and mental component summary (MCS).
2.4. Statistical Analysis

We compared cervical sagittal spinal alignment parameters between spondylotic
and non-spondylotic groups using linear regression models. The response variable was
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the alignment parameter and the explanatory variables were the presence of cervical
spondylosis and age. The Pearson correlation coefficient between T1S minus CL, which is
also known as the residual lordotic compensation for subcervical anterior tilting [7], and
CSVA were assessed for each gender. We examined the correlation between cervical and
subcervical alignment parameters following age adjustment for each gender. For other
analyses, Welch's t-test was used to compare quantitative variables, and Fisher’s exact test
was used to compare qualitative variables. Statistical analyses were carried out using the
statistical package R, version 3.4.3 (available at http://www.r-project.org accessed on 26
November 2021). The level of significance was set at p < 0.05.

3. Results

Table 1 shows the baseline characteristics of the Obuse study cohort. The 411 partic-
ipants were almost uniformly divided into every gender/age decade category. Tertiary
industry workers represented the majority of Obuse town residents in their 50s, although
this proportion decreased for subjects in their 60s, likely due to mandatory retirement.
Table 2 shows the spinal alignment distributions by gender. Overall CSVA and T1S were
significantly larger in males (both p < 0.01), with no remarkable gender differences for
CL or SVA (p = 0.54 and p = 0.96, respectively). The prevalence of cervical spondylosis
in males and females was 80.7% and 69.9% respectively (Table 2). Cervical spondylotic
change was significantly more frequent in males (p = 0.01, Fisher’s exact test). There were
no remarkable differences for CSVA or CL in subjects with or without spondylosis. The
odds ratios, 95% confidence intervals, and p-values for spinal parameters were as follows:
CSVA, —0.6 (—3.8,2.5), p=0.70; and CL, —1.0 (—3.7, 1.6), p = 0.45. CL became significantly
smaller in subjects with cervical spondylosis when adjusted by age (3.4 (—6.1, —0.7),
p =0.01) (Figure 1).

Table 1. Baseline characteristics of the study cohort.

Height Weight BMI Job
Gender Age (Years) Number (crﬁ) (kgg) (kg/m?) (Pri; Sec; Ter; None)

Male 50s 50 171.8 (6.0) 67.1(9.1) 227 (2.9) 3;7;40;0

60s 53 166.7 (4.7) 66.9 (7.7) 241 (2.7) 18;5;19; 11

70s 54 163.1 (5.0) 59.9 (10.3) 2.4 (3.5) 22,2;7,23

80s 45 160.1 (5.7) 57.5(8.5) 2.4 (2.8) 19;0;3;23

All 202 165.5 (6.8) 63.0 (9.8) 229 (3.1) 62; 14; 69; 57
Female 50s 47 158.1 (4.9) 55.4 (9.0) 222 (3.8) 5;4:29;9

60s 61 152.8 (5.4) 52.2(7.6) 22.3(2.8) 21;4;17;19

70s 53 149.8 (5.2) 50.7 (8.0) 22.5(3.2) 16; 3; 8; 26

80s 48 144.6 (5.9) 48.3 (7.9) 23.1(3.3) 11;0; 5; 32

All 209 151.4(7.1) 51.6 (8.4) 22.5(3.3) 53;11; 59; 86

Notes: Values represent the mean (standard deviation). Primary industry jobs included agriculture and forestry. Secondary industry jobs
involved manufacturing and construction. Tertiary industry jobs included food service and education. Abbreviations: BMI, body mass
index; Pri, primary industry; Sec, secondary industry; Ter, tertiary industry.
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Table 2. Tabulation results of spine parameters and SF8™ summary scores.

Age Number CSVA CL T1S SVA (mm) Presence of PCS MCS

(Years) (mm) (deg.) (deg.) Spondylosis (Points) (Points)
Male
50s 50 23.1(139)  105(103) 253 (5.9) 5.8 (25.8) 66.0% 50.2 (6.4) 49.0 (6.0)
60s 53 284 (15.0) 9.1 (1L.1) 27.3 (8.4) 9.1 (37.9) 69.8% 50.1 (7.0) 495 (5.3)
70s 54 29.1(121)  133(121)  284(8.5) 217 (305)  88.9% 46.8 (7.0) 505 (5.3)
80s 45 30.8 (17.0) 13.6 (15.1) 31.2(9.9) 56.7 (48.6) 100.0% 43.6 (8.7) 52.0 (6.8)
All 202 278(147)  116(122)  28.0(84) 222(409)  80.7% 47.8(7.7) 502 (5.9)
Female
50s 47 17.8 (10.9) 8.6 (10.4) 22.8 (6.9) —54(263)  46.8% 50.7 (5.6) 46.6 (7.1)
60s 61 15.6 (7.7) 8.7(9.1) 22.1(72) 47 (29.5) 67.2% 50.1 (5.8) 50.1 (4.8)
70s 53 174(10.1)  133(11.0)  251(10.3) 31.2(363)  755% 465 (7.5) 499 (6.1)
80s 48 18.6 (15.6) 19.2 (12.2) 30.1 (13.6) 60.9 (59.7) 89.6% 42.0 (8.7) 50.7 (6.8)
All 209 172(11.2)  123(114)  248(102)  22.1(46.6)  69.9% 475 (7.7) 494 (6.3)

Note: Values represent the mean (standard deviation). Abbreviations: CSVA, C2-C7 sagittal vertical axis; CL, C2-C7 cervical lordosis; T1S,
T1 slope; SVA, sagittal vertical axis; PCS, SF-8™ physical component summary score; MCS, SF-8™ mental component summary score.

CSVA CL
Spondylosis (+) O)
Spondylosis (+) el
adj. age
-10 -5 0 5 10 -10 -5 0 5 10
Effect (mm) Effect (degree)

Figure 1. Impact of cervical spondylosis on cervical alignment parameters. Note: Bands represent 95% confidence interval.
Abbreviations: CSVA, cervical sagittal vertical axis; CL, cervical lordosis; adj. age, multivariate analysis adjusted by age.

T1S minus CL displayed a significant moderate positive correlation with CSVA in
both genders (Pearson correlation coefficient: 0.49 for males and 0.48 for females, both
p <0.01) (Figure 2). Only in males, however, did both CSVA and CL show mild positive
correlations with SVA independently of age (Figure 3 and Table 3).

Male Female

60 - .

20 0 20 40 60 0 20 40
T1S - CL (degree) T1S - CL (degree)

Figure 2. Relationship between cervical anteriorization and T1S minus CL. Abbreviations: CSVA,
cervical sagittal vertical axis; T1S, T1 slope; CL, cervical lordosis.
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Figure 3. Relationship between subcervical alignment and cervical alignment parameters. Note:
* denotes a significant association (p < 0.05). Abbreviations: SVA, sagittal vertical axis; CSVA, cervical
sagittal vertical axis; CL, cervical lordosis.

Table 3. Relationship between subcervical alignment and cervical alignment parameters with and
without age adjustment.

Crude Age-Adjusted

Correlation Correlation

Coefficient p-Value Coefficient p-Value
Male
SVA and CSVA 0.31 <0.01* 0.25 <0.01*
SVA and CL 0.22 <0.01* 0.20 <0.01*
Female
SVA and CSVA 0.10 0.15 0.07 0.31
SVA and CL 0.27 <0.01* 0.09 0.19

Note: * denotes a significant difference (p < 0.05). Abbreviations: SVA, sagittal vertical axis; CSVA, cervical sagittal
vertical axis; CL, cervical lordosis.

Tables 4 and 5 summarize how cervical and subcervical spinal alignment impacted
HRQOL. Specifically, larger SVA was significantly associated with a lower PCS score in both
genders independently of age. CSVA associated significantly with PCS score in females
only, which was independent of age. Larger T1S minus CL was also significantly related to
lower PCS scores after adjustment for age in women, with no clear association between
cervical spinal alignment and HRQOL in men (Table 4). No remarkable associations were
observed for cervical or subcervical spinal alignment among MCS scores (Table 5).
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Table 4. Effects of cervical alignment parameters on SF-8™ physical component summary scores.
Crude Age-Adjusted
Effect p-Value Effect p-Value
Male
CSVA (+10 mm) 0.0+04 0.98 03+04 043
T1S-CL (+10 degrees) —09+0.5 0.08 —08+£05 0.08
SVA (+10 mm) —05+0.1 <0.01* —03+0.1 0.04*
Female
CSVA (+10 mm) -14+05 <0.01* -12+04 <0.01*
T1S-CL (+10 degrees) —05+0.6 0.33 -1.0+£05 0.04 %
SVA (+10 mm) —0.7+£0.1 <0.01* —04+0.1 <0.01*

Notes: Effect values represent the mean =+ standard error. * Denotes a significant difference (p < 0.05). Abbreviations:
CSVA, C2-C7 sagittal vertical axis; T1S-CL, T1 slope minus C2-C7 cervical lordosis; SVA, sagittal vertical axis.

Table 5. Effects of cervical alignment parameters on SF-8"™ mental component summary scores.

Crude Age-Adjusted

Effect p-Value Effect p-Value
Male
CSVA (+10 mm) 0.0+03 0.90 —-0.1+03 0.74
T1S-CL (+10 degrees) —-02+04 0.62 —-02+04 0.53
SVA (+10 mm) 02+0.1 0.06 01+01 0.48
Female
CSVA (+10 mm) —-05+04 0.21 —-05+04 0.22
T1S-CL (+10 degrees) —07+05 0.12 —0.6 £0.5 0.21
SVA (+10 mm) 01+0.1 0.33 00+£0.1 0.68

Note: Effect values represent the mean + standard error. Abbreviations: CSVA, C2-C7 sagittal vertical axis;
T1S-CL, T1 slope minus C2-C7 cervical lordosis; SVA, sagittal vertical axis.

4. Discussion

This study revealed that male community-dwelling elderly residents more frequently
exhibited cervical spondylotic changes than female residents did, but without subaxial lor-
dosis compensating for the anterior tilting of the subcervical spine. This non-compensation
resulted in axis anteriorization accompanying deteriorated subcervical alignment. Thus,
cervical sagittal spinal alignment deteriorations with cervical spondylosis may manifest
as a compensatory function for diminished whole-spine balance rather than solely as a
consequence of spinal degeneration.

The following is a possible pathomechanism of cervical decompensation, especially in
males. First, SVA and T1S increase with aging [4]. However, there is insufficient lordotic
compensation due to a range of motion decrease along with a higher prevalence of cervical
spondylosis [6]. This leads to decompensated axis anteriorization. The cervical spine has
variable normal morphology [8]. One author reported that SVA and T1S were important in
determining cervical alignment [9]. A large T1S requires a correspondingly higher CL to
preserve sagittal balance. Even in cervical laminoplasty patients, T1S is one of the most
important factors determining postoperative cervical spinal alignment [10-12]. Figure 4
contrasts representative cervical spine alignment conditions. Cases A and B had virtually
identical T1S. In Case A (female), CL suitable for T1S was formed such that the position of
the center of gravity of the head was optimized and the front gaze posture was preserved.
On the other hand, Case B (male) had obvious cervical spondylotic change and was unable
to achieve CL suitable for T1S. As a result, the head has shifted anteriorly. Based on
the results of this study, the A-type cervical spine may be less susceptible to changes in
subcervical alignment, while the B-type spine may tend to situate more anteriorly due to
its susceptibility to subcervical alignment.
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|

Figure 4. Effect of cervical spondylotic changes on cervical spine alignment. Notes: Case (A) (female)
has a compensated cervical spine. Case (B) (male) has a decompensated cervical spine.

Larger values of either T1S minus CL or CSVA have been associated with low HRQOL
condition in adult spinal deformity patients [13,14]. These cervical spine alignment
parameters were also associated with the Neck Disability Index in cervical operation
patients [15-17]. The subjects in our study were residents and not spinal deformity or
cervical operation patients. Nevertheless, as with subcervical alignment, T1S minus CL
and CSVA were significantly associated with HRQOL. It was noteworthy that these rela-
tionships between alignment parameters and HRQOL in cervical spine surgery patients
were present even in pre-disease populations. However, such associations were signifi-
cant only in females in our cohort. The reason for this gender difference is unclear and
requires further examination. The effect size is small and may be irrelevant given the size
of the effect.

Another study of 50-89-year-old Japanese residents (the TOEI study) showed that
cervical deformity (i.e.,, CSVA > 40 mm) residents had significantly lower HRQOL index
scores [18]. Although the results in females agreed with our own, those for males did not.
This could have been due to differences in the prevalence of cervical deformity in the target
population; the TOEI study had cervical deformity prevalences of 31% for male and 9% for
female, which were 19% and 2% respectively in this study and significantly lower (p < 0.01,
Fisher’s exact test). Our earlier studies revealed that the change in spinal alignment with
aging in males first appears in the cervical spine and that an age-related increase in CSVA
was not noticeable in females [4]. On the other hand, larger CSVA was associated with
physical performance deterioration [19]. Insufficient physical performance affects HRQOL,
even in healthy local residents [20]. Cervical spine anteriorization in females may occur in
a low physical tolerance condition as compared to males.

Lastly, it is difficult to ascertain a direct causal relationship between mental health and
spinal posture, and their precise association remains unclear. Although this study found no
significant relationship between the factors, there have been reports of a link of recurring
depressive episodes to poor spinal posture [21]. Health status is holistic, and clinically
useful associations may be identified in the future for mental health and spinal posture.

The limitations of the current investigation include the possibility of inter-observer
bias. The high concordance rate was proof that the evaluation was legitimate, but the possi-
bility of bias risk could be further reduced by adding the evaluations of radiologists from a
different specialty. As this research was cross-sectional, the direction of the causal relation-
ship between spinal alignments could not be specified. Longitudinal surveys are needed to
obtain a definitive conclusion on aging-dependent changes. In this non-compulsory survey,
the proportion of people randomly sampled who were ultimately enrolled was less than
one third, with 882 people refusing to participate, implying incomplete selection bias and
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participation bias elimination. Furthermore, no a priori calculations were made regarding
a sample size that would ensure sufficient clinical variation to support conclusions that
could be generalized; thus, the findings could have been influenced by the composition and
prevalence of spondylosis and spinal deformity of the patients who agreed to participate.
Regional characteristics were also a limitation of this study in that we sampled subjects
from a relatively small town. Although the benefits of recruiting in such regions are lower
resident displacement and greater ease in performing an epidemiological survey, the re-
sults may differ from those of urban-dwelling residents. Moreover, we could not prove
the absence of selection bias by presenting the results of a cohort in one town. Previous
papers [4] have shown that the spinal alignment status of Obuse residents was comparable
to that from other parts of Japan, implying no particular physical characteristics in our
test group, at least among the Japanese. On the other hand, it is very likely that other
ethnic groups have different physical characteristics, and so further study is needed in
other populations. This study analyzed the relationship among age, gender, and spinal
alignment. Spinal alignment can also be affected by a variety of other factors, including
activity level and profession. These will be addressed in future studies to deepen our
findings. The mechanism of female alignment change could also not be ascertained in this
report. Cervical spinal alignment change is more likely to occur in males, but the effects of
changes in the cervical spine on HRQOL are more apparent in females. We suspect that
cervical alignment is not linearly related to HRQOL, and that females with poor alignment
may be subject to lower HRQOL than males with similar findings. Longitudinal studies on
this point are needed.

5. Conclusions

In conclusion, cervical sagittal spinal alignment changes accompanying spondylosis in
the general elderly population manifested as hypofunction to compensate for whole-spine
imbalance. Men have a higher prevalence of cervical spondylosis, and their inflexible
cervical spine has difficulty compensating for subcervical alignment deterioration. This
is likely why males are more prone to large CSVA as a sagittal spinal misalignment. In
contrast, cervical spinal misalignment was more clearly associated with low HRQOL in
females.
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Abstract: To date, it is still unclear how fresh osteoporotic vertebral fractures (OVFs) affect the
patient’s quality of life and low back pain during a follow-up period of more than 1 year. In the
previous trial, women with fresh OVF were randomized to rigid or soft brace for 12 weeks, then both
groups were followed for the subsequent 48 weeks. In women completing this trial at our affiliated
hospitals, we conducted a follow-up study to investigate the long-term course of an acute vertebral
fracture in terms of pain and quality of life. When comparing visual analog scale scores for low
back pain and European Quality of Life-5 Dimensions Questionnaire scores between consecutive
time points, a significant difference was found between 0 and 12 weeks, but not between 12 and
48 weeks or between 48 weeks and final follow-up. A total 25% had residual low back pain at the
final follow-up. A stepwise logistic regression analysis identified age and previous vertebral fracture
as predictors of residual low back pain at the final follow-up. Therefore, the degree of low back pain
and impairment of the quality of life improved by 12 weeks after injury and did not change thereafter
until a mean follow-up of 5.3 years.

Keywords: osteoporotic vertebral fracture; residual pain; visual analog scale; quality of life

1. Introduction

Vertebral fractures are the most common osteoporotic fracture [1]. When osteoporotic
vertebral body fractures occur, the symptoms improve approximately 3 months after the
injury in most cases [2]. However, in some cases, the symptoms persist chronically. A
study found that patients with new vertebral fractures had significantly more back pain
and poorer physical function at all time points up to 12 months after fracture than those
without fractures [2]. In addition, if there is a history of vertebral fractures, recovery after
a new vertebral fracture is even worse. In a study comparing the post-vertebral fracture
course, patients with a history of vertebral fracture had significantly lower physical motor
function, activities of daily living, and quality of life (QOL) up to 12 months after injury
than patients without a history of vertebral fracture [3]. However, it is still unclear how
fresh vertebral fractures affect the patient’s QOL and low back pain during a follow-up
period of more than 1 year. Thus, this study aimed to describe the course of acute vertebral
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fractures in terms of pain and QOL and to characterize patients with residual low back
pain long after a vertebral fracture.

2. Materials and Methods

This study was a follow-up study of women involved in the previous prospective
randomized study (UMIN000014876) that compared the effectiveness of rigid and soft
braces for acute thoracolumbar OVFs [4]. Briefly, the original trial enrolled 284 patients
aged between 65 and 85 years who were diagnosed with one fresh OVF between T10 and
L2 within four weeks of injury; 141 of these patients were randomly assigned to wear
rigid braces and 143 were assigned to wear soft braces. Patients wore ready-made braces
until a custom-made thoracolumbar sacral rigid or soft brace was applied. Patients in the
rigid-brace group received a rigid thoracolumbosacral orthosis. Patients in the soft-brace
group received a soft thoracolumbosacral orthosis. In both the rigid and flexible bracing
groups, the patients were instructed to always wear the braces, when possible. All the
participants were instructed to wear the brace for a total of 12 weeks. Detailed inclusion
and exclusion criteria of the study have been described previously [4].

Among the patients who completed the previous brace trial, patients from hospitals
that agreed to participate in this study were included in this study. Accordingly, a total of 73
patients were enrolled. Of the 73, 3 died, 2 refused to cooperate, and 28 could not be contacted.
Finally, 40 patients with mean 5.3 years of follow-up were included in this study. With regard
to the use of anti-osteoporosis treatments during the 48-week brace treatment prospective
randomized study, the patients were allowed to use only the medications that were used
prior to the injury or newly prescribed active vitamin D [4]. During the subsequent follow-up
period, prescription of any anti-osteoporosis medication was allowed.

This study was approved by each hospital’s institutional review board, and informed
consent was obtained from all the participants included in the study.

2.1. Patient-Reported Outcome Measures

Regarding the patient-reported outcome measures (PROMs), scores on the European
Quality of Life-5 Dimensions (EQ-5D; range, —0.111 to 1, with higher scores indicating
a better QOL) [5] and the visual analog scale (VAS) for low back pain (range, 0-10, with
higher scores indicating more severe pain) [6] were used. These questionnaires were
provided at a regular hospital visit (0, 12, and 48 weeks after brace application) but were
completed without assistance from the surgeon or any other person involved in this
study. After 48 weeks, since regular visits to the hospital were not mandatory, outcome
assessment at the last follow-up was completed by mailing a questionnaire. To maximize
participant retention, we decided to mail the questionnaires. This is because, according to
previous research, comparing three different methods of administering a brief screening
questionnaire to the elderly, response rates were higher for the postal questionnaire than
the interview method [7].

2.2. Radiographic Assessment

Lateral radiography was performed at 0, 12, and 48 weeks. MRI was performed
at enrollment. In the radiographic analysis, the anterior vertebral body compression
percentage [4,8], which is defined as the ratio between the vertical height of the compressed
anterior section of the injured vertebral body and the posterior vertebral body height at
the same level, was measured independently at 0, 12, and 48 weeks after brace application
by two radiologists. The mean values of the two evaluators were used. In this study, a
previous vertebral fracture was defined as a decrease of at least 20% in the height of any
vertebral body at Week 0 [9]. To investigate the presence of degenerative spinal diseases
that can cause low back pain, we investigated lumbar spinal canal stenosis and lumbar
disc herniation by MRI at enrollment. Lumbar spinal canal stenosis was diagnosed as C or
higher in Schizas’ classification [10].
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2.3. Data Analysis

All data were collected by a clinical research assistant. An analysis of variance with repeated
measures was used to analyze the data over time. When there was a significant main effect of
time, Tukey’s HSD analysis was performed to identify the differences among time points.

In this study, “residual low back pain” was defined as VAS for low back pain >3.5 at
the final follow-up; VAS score <3.5 is used to describe mild pain, and VAS score > 3.5 is used
to describe moderate or severe pain [11]. We performed outcome and risk factor analyses
by comparing patients with VAS scores <3.5 and >3.5 for low back pain. We analyzed the
differences between the two groups using the Mann-Whitney U test for continuous variables
and Fisher’s exact test or chi-squared test for nominal variables. To identify the most significant
risk factors for residual low back pain at the final follow-up, we performed risk factor analysis
using multivariable logistic regression analysis with a forward-backward stepwise procedure
(p < 0.1 for entry). We then calculated the odds ratios (ORs) and their approximate 95%
confidence intervals (CIs) for residual low back pain. For continuous variables, the OR reflects
the incremental risk associated with a one-unit change in that variable. JMP version 12 (SAS
Institute, Cary, NC, USA) was used for all statistical analyses. All tests were two-sided, and
p-values < 0.05 were considered significant.

3. Results
3.1. Demographics

A total of 40 patients with a mean follow-up of 5.3 years were included in this study.
The mean age was 73.9 years. Figure 1 shows the time course of VAS for low back pain
and EQ-5D after OVF. Time had a significant main effect on VAS for low back pain and
EQ-5D (p < 0.001 and p < 0.001, respectively). Comparison of VAS scores for low back pain
between consecutive time points showed a significant difference between 0 and 12 weeks
(p < 0.001), but not between 12 and 48 weeks (p = 0.97), or between 48 weeks and final
follow-up (p = 0.99) (Figure 1). Comparison of EQ-5D scores between consecutive time
points showed a significant difference between 0 and 12 weeks (p < 0.001), but not between
12 and 48 weeks (p = 0.82), or between 48 weeks and final follow-up (p = 0.99) (Figure 1).

VAS for low back pain

*
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Figure 1. Cont.
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Figure 1. Temporal trends in outcome measures. The visual analog scale (VAS) for low back pain (0-10, with higher scores indicating
severe pain) and the European Quality of Life-5 Dimensions Questionnaire (EQ-5D, —0.111 to 1, with higher scores indicating better
quality of life). Means with standard deviations at baseline and each follow-up are shown. * p < 0.05, NS not significant.

3.2. Characteristics of Patients with Residual Low Back Pain at 5 Years after OVF

We then divided the patients into two groups according to their VAS score at the
last follow-up: the residual low back pain group and the no low back pain group. Of the
40 patients analyzed in this study, 10 (25.0%) reported residual low back pain at a mean
5.3 years after OVFs. The baseline characteristics of the patients are shown in Table 1. In
the residual low back pain group, the patients were older, and the percentage of patients
with a history of pre-existing vertebral fracture was higher. No significant differences were
observed in the other background variables between the two groups.

Table 1. Baseline characteristics of the patients.

Characteristics VAS < 3.5 (n = 30) VAS > 3.5 (n=10) p Value

Age (years) 72.8 £5.5 771+ 48 0.03 *
Receiving osteoporosis therapy

at enrollment 5(17) 3 (30) 0-38
Any previous vertebral fracture 6 (20) 6 (60) 0.04 *
Spinal disorders 9 (30) 1(10) 0.40
Lumbar canal stenosis 8 (27) 0 (0)
Lumbar disc hernia 1) 1(10)
Level 0.70
T10 1(3) 0(0)
T11 2(7) 0(0)
T12 7 (23) 3 (30)
L1 11 (37) 3 (30)
L2 9 (30) 4 (40)
Type of brace
Rigid 15 (50) 4 (40) 0.58
Soft 15(50) 6 (60)
Follow-up period, days 1922 + 255 1898 + 213 0.75
Receiving osteoporosis therapy 13 (43) 4 (40) 0.85

at final follow-up

Data are presented as mean = standard deviation or 1 (%). * p < 0.05. VAS, visual analog scale.
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Table 2 shows the differences in PROMs between the groups with VAS scores < 3.5
and >3.5 at the final follow-up. VAS scores for low back pain did differ not significantly
between the two groups at 0 and 12 weeks, but were significantly worse in the residual low
back pain group at 48 weeks and final follow-up (p < 0.001 and <0.001, respectively). The
EQ-5D score was not significantly different between the two groups at 0 and 12 weeks, but
was significantly worse in the residual low back pain group at 48 weeks and final follow-up
(p <0.001 and p = 0.001, respectively). We then examined the trends in the VAS score for
low back pain in the residual low back pain group and no low back pain group. In the no
low back pain group, a significant difference was found between VAS scores at 0 and 12
weeks (p < 0.001), but no significant difference was noted in the VAS scores between 12
and 48 weeks or between 12 weeks and final follow-up (p = 0.41 and 0.30, respectively). In
the residual low back pain group, no significant difference was found in the VAS scores
between 12 and 48 weeks (p = 0.08), but a significant difference was noted in the VAS scores
between 0 and 12 weeks and between 12 weeks and final follow-up (p < 0.001 and p = 0.02,
respectively).

Table 2. Patient-reported outcome measures.

Characteristic VAS < 3.5 (n = 30) VAS > 3.5 (n =10) P
EQ-5D
Week 0 0.31 4+ 0.33 0.31 4+ 0.23 0.78
12 weeks 0.78 + 0.16 0.68 + 0.14 0.09
48 weeks 0.85 + 0.15 0.61 4 0.08 <0.001 *
Final follow-up 0.85 + 0.14 0.65 + 0.07 0.001 *
VAS low back pain
Week 0 6.1+34 80+25 0.08
12 weeks 21+24 27+21 0.30
48 weeks 12+16 51+23 <0.001 *
Final follow-up 1.1+£13 57+ 15 <0.001 *

*p <0.05. VAS, visual analog scale; EQ-5D, European Quality of Life-5 Dimensions.

Table 3 shows the differences in the radiographic assessment between the groups
with VAS scores of <3.5 and >3.5. No significant difference was observed in the anterior
vertebral body compression percentage between the two groups, although there was a trend
toward lower anterior vertebral body compression percentage in the residual low back
pain group throughout the period from 0 to 48 weeks (p = 0.17, 0.11, and 0.09, respectively).

Table 3. Radiographic assessment.

Characteristic VAS < 3.5 (n = 30) VAS > 3.5 (n =10) p Value

Anterior Vertebral Body
Compression Percentage

0 week 74.6 £ 12.6 65.4 +20.3 0.17
12 weeks 62.4 +15.6 51.5+15.1 0.11
48 weeks 61.9 +16.2 50.5 +18.0 0.09

Data are presented as mean =+ standard deviation or n (%). p < 0.05. VAS, visual analog scale.

Lastly, the predictors at 12 weeks after OVFs for residual low back pain at the final
follow-up were evaluated using a stepwise multiple logistic regression analysis (Table 4).
Based on the univariate analysis, the dependent variable was defined as the presence
of residual low back pain at the final follow-up, and the independent variables were
age, previous vertebral fracture, and EQ-5D score at 12 weeks after OVE. As a result, the
independent risk factors at 12 weeks were identified as age (OR = 1.19; 95% CI, 1.01-1.46;
p = 0.04) and previous vertebral fracture (OR = 6.28; 95% CI, 1.24-39.83; p = 0.03).
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Table 4. Multiple logistic regression analysis: independent risk factors of residual low back pain
(VAS > 3.5 at final follow-up).

Variable Odds Ratio 95% Confidence Interval P
12 weeks
History of vertebral 6.28 1.04-39.83 0.03*
fracture
Age 1.19 1.01-1.46 0.04*

*p <0.05. VAS, visual analog scale.

4. Discussion

This study investigated the course of acute vertebral fracture in terms of pain and
QOL. When comparing VAS for low back pain and EQ-5D scores between consecutive time
points, a significant difference was observed between 0 and 12 weeks, but not between 12
and 48 weeks or between 48 weeks and final follow-up. Twenty-five percent of patients
had residual low back pain at the final follow-up. The patients with residual low back pain
after OVF had a higher percentage of pre-existing vertebral fractures and were older than
those who did not have residual low back pain. A stepwise logistic regression analysis
identified age and previous vertebral fracture as predictors of residual low back pain at the
final follow-up.

This study showed that when comparing VAS scores for low back pain and EQ-5D
scores between consecutive time points, a significant difference was found between 0 and
12 weeks, but not between 12 and 48 weeks or between 48 weeks and final follow-up. This
result is consistent with previous reports that pain improved by 3 months after the fracture
and did not change significantly until 12 months thereafter [12]. Collectively, these results
suggest that if severe pain remains after the acute phase, it might be unlikely that the pain
will improve spontaneously.

Among patients with acute vertebral fractures, 25% had mild or severe low back
pain for an average of 5.3 years after injury based on VAS for low back pain. Patients
with mild or severe low back pain were older and had a higher percentage of patients
with pre-existing vertebral fractures than those with moderate or no pain. The results
were partially consistent with a previous report stating that chronic pain after acute spine
fractures was only maintained in patients with multiple compression fractures, reduced
height, and low bone density [13].

In this study, the VAS score for low back pain was not significantly different between
the residual low back pain group and no low back pain group at 0 and 12 weeks, but was
significantly worse in the residual low back pain group at 48 weeks and final follow-up.
Regarding the transition of pain within the group, although not significant, the low back
pain tended to improve after 12 weeks in the no low back pain group. By contrast, back
pain deteriorated after 12 weeks in the residual low back pain group. In a randomized
controlled trial comparing vertebroplasty and conservative treatment for patients with
vertebral fractures who reported severe pain for more than 3 months, vertebroplasty was
associated with better pain relief and improved functional outcomes at 1 year compared
with conservative treatment [14]. Therefore, taking into account the improvement of pain in
patients who report severe low back pain 3 months after a vertebral fracture, vertebroplasty
should be considered rather than conservative treatment. This treatment strategy should
be tested in the future.

Since OVF-induced pain significantly improves by 12 weeks, we decided to investigate
predictors for residual low back pain at 12 weeks after OVFE. A stepwise logistic regression
analysis identified age and previous vertebral fracture as predictors for residual low back
pain at a mean of 5.3 years after OVFs. Therefore, when a new vertebral fracture occurs
in an older patient with a pre-existing vertebral fracture, the patient is likely to have
residual low back pain in the future. Furthermore, risk factors for OVFs include older
age, low bone mineral density, and pre-existing vertebral fractures [15]. Therefore, elderly
patients with new OVF and pre-existing vertebral fractures are at risk of further subsequent
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fractures. In this study, we do not know whether subsequent vertebral fractures occurred
in this group of patients after 48 weeks, because imaging evaluation was not performed
in the final follow-up. According to a post-hoc analysis of the original prospective study,
patients with subsequent vertebral fractures at Week 48 had significantly more severe
low back pain than those without subsequent fractures at Week 48 [16]. Therefore, in this
study, it cannot be ruled out that the presence of subsequent vertebral fractures at the
time of the final follow-up may be associated with residual low back pain. However, if
a new OVF occurs in an older patient with a pre-existing vertebral fracture, it may be
desirable to provide intensive osteoporosis treatment to prevent subsequent fractures.
Further research is needed to determine which osteoporosis drugs are the most effective in
reducing subsequent fractures in elderly patients with pre-existing vertebral fractures.

This study had some limitations. First, several patients were excluded after enrollment
which might have led to a slight decrease in the sample size. Accordingly, attrition bias
may limit the internal validity of this study. Second, we did not investigate the bone
mineral density in this study. Although it is undeniable that the severity of osteoporosis
may affect back pain, a decrease in bone mineral density does not necessarily lead to an
increase in low back pain. In fact, the authors of several studies concluded that there is no
evidence supporting a relationship between low back pain and bone mineral density [17,18].
Third, given the small percentage of patients who continued to attend the hospital, no
radiographic evaluation was performed at the last follow-up. This prevented us from
assessing the relationship between residual low back pain and non-union, subsequent
fractures, and spinal alignment at the final follow-up. Lastly, the results of the multiple
logistic regression analysis showed that there were two independent variables. Accordingly,
the event per variable (EPV) was five in this model. However, the rule of thumb of 10
or more EPV in logistic models is not a well-defined bright line [19]. A simulation study
showed that statistical problems are uncommon with 5-9 EPV, and still observed with
10-16 EPV [19]. Further studies are required to address these limitations and to validate
our findings.

5. Conclusions

This study demonstrated that the degree of pain and impairment of QOL after OVF
improved by 12 weeks after injury and did not change thereafter, until a mean follow-up
period of 5.3 years. In addition, patients with residual low back pain after OVF had a
higher percentage of pre-existing vertebral fractures and were older than those who did
not have residual low back pain.
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Abstract: Purpose: Identifying perioperative factors that may influence the outcomes of long spine
fusion for the treatment of adult deformity is key for tailored surgical planning and targeted informed
consent. The aim of this study was to analyze the association between demographic or perioperative
factors and clinical outcomes 2 years after long spine fusion for the treatment of adult deformity.
Methods: This study is a multivariate analysis of retrospectively collected data. All patients who
underwent long fusion of the lumbar spine for adult spinal deformity (January 2016-June 2019) were
included. The outcomes of interest were the Oswestry disability index (ODI), visual analogic scale
(VAS) preoperatively and at 1 and 2 years’ follow up, age, body mass index, American Society of
Anaesthesiologists (ASA) score, upper and lowest instrumented vertebrae (UIV and LIV, respectively),
length of surgery, estimated blood loss, and length of hospital stay. Results: Data from 192 patients
were available. The ODI at 2 years correlated weakly to moderately with age (r = 0.4), BMI (r = 0.2),
ASA (r=0.3), and LIV (r = 0.2), and strongly with preoperative ODI (r = 0.6). The leg VAS at 2 years
moderately correlated with age (r = 0.3) and BMI (r = 0.3). Conclusion: ODI and VAS at 2 years’
follow-up had no to little association to preoperative age, health status, LIV, or other peroperative
data, but showed a strong correlation with preoperative ODI and pain level.

Keywords: adult spine deformity; adult spine fusion; deformity correction; perioperative parameters;
ODI; VAS; disability

1. Introduction

The social burden caused by low back pain (LBP) is relevant, having a first-ever
episode incidence of 15% and an 80% recurrence rate within a year [1]. This percentage
increases in patients affected by adult spine deformity [2] and various studies showed
that this condition has a negative impact on the patients’ quality of life [3,4]. Surgical
deformity correction involves complex procedures; given the advances in surgical and
anesthesiological techniques, it is now possible to perform surgery in patients at an older
age and with more comorbidities [5-8]. So, disability and pain levels play a decisive
role in the assessment of a patient and in the decision-making process [9]. However, the
postoperative motion restriction following fusion of the lumbar spine should be considered
when indicating surgical management to ensure that the benefits of the surgery outweigh
the limitations [10].

Patient-reported outcome measures (PROMs) are used to obtain a more complete
overview of a patient’s status, as they allow to match objective informations such as
radiographic findings with subjective data regarding different aspects of the patient’s
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quality of life [11]. In particular, the Oswestry disability index (ODI) and the visual analogic
scale (VAS) are two parameters widely used for pre- and postoperative assessment of
patients undergoing spine surgery [12,13].

The effects of the correction of sagittal and coronal parameters on disability and pain
levels have been evaluated in multiple studies [14-17]. However, the effects of demo-
graphic and perioperative data on the postoperative outcome has not yet been thoroughly
investigated, and patients with a low risk of a poor clinical outcome have not yet been
characterized [18]. Thus, the aim of this study was to analyze the demographic and pe-
rioperative data of adult spine deformity patients undergoing long fusion involving the
lumbar spine, in order to seek possible associations between these parameters and levels of
disability (ODI) and pain (VAS back and leg) at the one- and two-year follow-up.

2. Materials and Methods
2.1. Patient Recruitment

The present retrospective study was conducted according to the Strengthening the
Reporting of Observational Studies in Epidemiology: the STROBE Statement [19].

All patients who underwent spine fusion at IRCCS Istituto Ortopedico Galeazzi
(Milano, Italy) between January 2016 and June 2019 were retrospectively screened for
inclusion on the local spine registry using the ICD (International Classification of Diseases)
diagnosis and procedure codes listed in Table 1. The use of ICD codes for diagnosis
and procedure allows to retrieve data from the registry, but also offers an internationally
acknowledged key to replicate data extraction, if necessary. Inclusion criteria for the
current study were age > 18, diagnosis of adult spine deformity, and fusion of at least four
segments—at least three of which in the lumbar spine. Patients who did not have an ODI
and/or VAS preoperatively and at the one- or two-year follow-up were not eligible for
the study.

Table 1. List of all ICD diagnosis and procedure codes used for data extraction from the local
spine registry.

ICD Diagnosis Codes

737.30,737.31, 737.32, 737.34, 737.0, 737.10, 737.12, 737.22, 737 .40, 737 .41, 73743, 737.19, 738.5,
737.39

ICD Procedure Codes
Primary surgery 81.05, 81.06, 81.08, 81.63, 81.64
Revision surgery 996.49, V45.4,996.78, 998.89

ICD, International Classification of Diseases.

2.2. Outcomes of Interest

We analyzed the effects of demographic and perioperative parameters on ODI and
VAS over time, as well as the mutual association between ODI and VAS at different follow-
ups. Furthermore, question n. 11 of the COME back questionnaire (CB11) [20] was used
to identify whether patients felt overall that surgery had helped or not (0 = helped a lot,
4 = made things worse). Demographic parameters included age, sex, body mass index
(BMI), and American Society of Anaesthesiologists (ASA) score. The level of the upper and
lowest instrumented vertebra (UIV and LIV, respectively) was analyzed. Length of surgery,
estimated blood loss (EBL), and length of hospital stay were also considered.

2.3. Statistical Analysis

For the statistical analysis, STATA software (StataCorp, College Station, TX, USA)
was used. Continuous variables are expressed as mean =+ standard deviation. Compar-
isons between continuous variables across the follow-ups were assessed through the mean
difference and t-test, with values of p < 0.05 considered statistically significant. A multi-
variate diagnostic through the Pearson product-moment correlation coefficient (r) was per-

174



J. Clin. Med. 2022, 11, 144

formed to investigate potential correlations between continuous variables. According to the
Cauchy-Schwarz equation of inequality, the final effect can score between +1 (positive linear
correlation) and —1 (negative linear correlation). Values of 0.1 > I7| <0.3,0.3 < Irl <0.5,
and |7l > 0.5 indicate weak, moderate, and strong association, respectively. The test of
overall significance was performed through the x2 test, with values of p > 0.05 considered
statistically significant.

3. Results
3.1. Patient Recruitment and Demographics

After cross-referencing the ICD diagnosis and procedure codes, 821 eligible patients
were identified on the local spine registry. Of them, 128 were excluded because they were
<18 years old. A further 210 were excluded because their level or extent of instrumentation
did not match the requirements of this study. A further 291 patients were excluded due
to the lack of a sufficient follow-up, leaving 192 patients available for the analysis. The
flowchart of the patients’ recruitment is presented in Figure 1.

821)

Assessed for eligibility (n =

Exluded for

Not matching age requirements (n = 128)

t
Not matching instrumentation
requirements (n = 210)
v
Evaluated for inclusion in the
study (n = 483)
, | Lack of sufficient follow-up (n =412)

h 4

Included patients (n = 71)

Figure 1. STROBE flow diagram of patient selection.

Summaries of the patients” demographics and the considered intraoperative data are
shown in Tables 2 and 3, respectively. An overview of ODI, VAS, and CB11 in the different
follow-ups is presented in Table 4.
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Table 2. Overview of the patients” demographics.

Demographic Data

Age (years) 53.4 £16.7

Sex 149 women (78%), 43 men (22%)
BMI (kg/cm?) 242439

BMI, body mass index.

Table 3. Summary of perioperative data.

Perioperative Data

C7:1; T1: 5; T2: 7; T3: 28; T4: 29; T5: 15; Té6: 4; T7: 3; T8: 11; T9:

uv 16; T10: 44; T11: 5; T12: 3; L1: 5; L2: 13; L.3: 3

LIV L3: 11; L4: 35; L5: 24; S1: 62; Ilium: 60

Access Posterior only: 192; postero-anterior: 21; postero-lateral: 38
Curve correction method SPO: 21; PSO: 13; ALIF: 21; LLIF 38

Length of surgery (min) 430 + 150

% EBL 18 +15.3

EBL (mL) 1264 + 1073

Length of hospital stay (days) 85+45

ULV, upper instrumented vertebra; LIV, lowest instrumented vertebra; SPO, Smith Petersen osteotomy; PSO,
pedicle substraction osteotomy; ALIF, anterior lumbar interbody fusion; LLIF, latera lumbar interbody fusion;
EBL, estimated blood loss.

Table 4. Overview of ODI, back and leg VAS, and CB11 values over time.

ODI, VAS and CB11 Overview

Preop 1-year FU 2-years FU p (Preop vs. 2-year FU)
ODI 425 +203 26.7 +21.4 26.8 +20.7 <0.0001
VAS back 68+£27 38+3 4431 <0.0001
VAS leg 48437 34+31 3.6+£35 0.01
CBI11 - 09+1.1 09+12 -

ODI, Oswestry disability index; VAS, visual analogic scale; CB11, question n. 11 of the COME back questionnaire;
FU, follow-up.

3.2. Multivariate Analysis

Age and BMI showed a significant, weak-to-moderate correlation with most of the
considered PROMs (ODI and leg VAS before and after surgery, and back VAS preoperatively
and at 12 months, CB11). The ASA class correlated moderately with the ODI at all follow-
ups and with the VAS leg before surgery and at 1 year, and with the CB11 at both follow-ups.
Length of surgery, EBL, and length of hospital stay had a little correlation to ODI, VAS,
and CBI1 at different follow-ups. While UIV showed no significant correlation with
postoperative outcomes, LIV had a weak-to-moderate correlation with postoperative ODI,
leg VAS, and CB11. Numerous, mostly medium-to-strong correlations were observed
among ODJ, leg and back VAS, and CB11.

Other moderate correlations of interest were observed between age and BMI (r = 0.52,
p <0.001), ASA (r =0.51, p < 0.001), and LIV (r = 0.54, p < 0.001); and between LIV and
BMI (r = 0.35, p < 0.001), ASA (r = 0.38, p < 0.001), and length of hospital stay (r = 0.31,
p <0.001). Length of surgery correlated with EBL (r = 0.46, p < 0.001) and length of hospital
stay (7 = 0.33, p < 0.001). The details of the correlations are shown in Figure 2.
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Figure 2. Overview of all the observed correlations among the considered parameters. Red, orange
and yellow color indicate significant weak, moderate and strong correlations, respectively.

4. Discussion

Overall, we observed a significant improvement in ODI and leg and back VAS at
the last follow-up. CB11 analysis highlighted a high level of satisfaction after surgery,
confirming the results of previous studies, which reported positive outcomes after surgical
therapy for adult spine deformity [21,22].

The correlation between ODI and age, BMI, or ASA was moderate at the one-year
follow-up, but the strength of these correlations was reduced at the two-year follow-up.
The correlation between leg and back VAS and age, BMI, and ASA showed similar trends to
those observed for the ODI: back pain weakly correlated with age and BMI before surgery
and at the 1 year follow-up, but no significant correlation was observed at 2 years, or
with ASA at any follow-up. Leg pain showed a weak-to-moderate correlation with all
parameters and at all follow-up, except with ASA at the last follow-up. Similar trends were
also observed for CB11. These data confirmed that older age and poorer overall health
condition may have a moderate negative impact on the level of complications and disability
or pain after surgery [23-25], but this negative influence dissipates over time. Thus, these
patients can also expect positive outcomes after long spine fusion [26-29], but have to
be adequately informed that a poorer preoperative health status correlates with longer
recovery time. Surgeons, however, need to consider that obesity and age or comorbidities
have a relevant impact on intraoperative blood loss, length of surgery, and complication
rate; thus, preoperative BMI and ASA should still be considered when planning long spine
fusion [30-32].

Length of surgery, estimated blood loss, and length of hospital stay showed no or only
weak correlation with ODI, VAS, and CB11. This aspect is also key for the informed consent
of the patients and their attitude toward the recovery process, as a prolonged hospital stay
does not have a negative impact on the long-term outcomes of surgery.
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Analyzing the correlation of ODI, VAS, or CB with the extent of the instrumentation,
we found that the level of the UIV did not affect any of the outcomes of interest. Given
the relative limited mobility of the thoracic spine [33], these data are not surprising. It
is however striking that the moderate correlation between ODI and LIV at the one-year
follow-up was further reduced at the two-year follow-up. Similar results were obtained in
other studies observing different PROMSs and the ability of patients to perform determined
activities after spinal fusion: over time, a gradual ODI improvement could be observed
even in patients with fusion to the pelvis [10,34]. The explanation for this finding may lie
in the postoperative movement restrictions required by many surgeons after fusion (e.g.,
avoiding forward bending or heavy lifting), which then ease over time, or in the fact that
patients adapt to the movement restrictions imposed by the instrumentation and develop
strategies to overcome them. This topic requires further investigation: if the developing of
these strategies is the key in reducing postoperative disability after spine fusion, specific
pre- or postoperative physiotherapy programs may be implemented to support patients
and improve their quality of life after surgery.

Overall, the ODI, VAS, and CB parameters showed multiple moderate and strong
correlations amongst each other, confirming how different aspects of a patient’s health,
quality of life, and satisfaction regarding treatment are interconnected [35]. Regarding
the ODI, a strong correlation was observed between pre- and postoperative disability
levels; this suggests that patients starting with high ODI values have lower chances of
achieving a low ODI postoperatively. This represents a key factor in planning the timing of
surgery. Different to what was observed for the OD], the preoperative VAS only weakly to
moderately associated with levels of back and pain level at the two-year follow-up. Thus,
even patients with a high preoperative pain level can expect an improvement with respect
to the painful symptoms two years after surgery. Unsurprisingly, the level of satisfaction
with the treatment (CB11) correlated with ODI and VAS both at the one- and two-year
follow-ups. However, while the correlation with pain level was of moderate intensity and
declined at the two-year follow-up, the correlation to disability was strong at both follow-
ups. A similar correlation between patients’ satisfaction and PROMs was also observed by
another study group [35].

This study is not without limitations, the main one being its retrospective nature. The
relationship between ODI, pain, and satisfaction with treatment and pre- and perioperative
data proved to be a complex, and further research on a wider patient cohort will be
required to investigate it. Furthermore, the patients in our cohort presented different types
of instrumentations (e.g., different types or levels of interbody implants) and deformity
correction techniques. While it was not possible to investigate the effect of different surgical
techniques on the outcome of interest due to the limited number of observations, this topic
deserves further analysis in the future.

5. Conclusions

The main finding of this work was that preoperative ODI showed the strongest
association with the postoperative clinical outcomes after spine fusion for adult deformity
correction. Other parameters such as age, health status, or LIV presented only a weak
association with the long-term ODI or VAS values. Thus, surgery should be performed in a
timely manner to avoid patients reaching high preoperative ODI values.
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Abstract: Introduction: The T1 slope is important for cervical surgical planning, and it may be invisi-
ble on radiographic images. The prevalence of T1 invisible cases and the differences in demographic
and radiographic characteristics between patients whose T1 slopes are visible or invisible remains un-
explored. Methods: This pilot study aimed to evaluate the differences in these characteristics between
outpatients whose T1 slopes were visible or invisible on radiographic images. Patients (1 = 60) who
underwent cervical radiography, whose T1 slope was confirmed clearly, were divided into the visible
(V) group and invisible (I) group. The following radiographic parameters were measured: (1) C2-7
sagittal vertical axis (SVA), (2) C2-7 angle in neutral, flexion, and extension positions. Results: Based
on the T1 slope visibility, 46.7% of patients were included in group I. The I group had significantly
larger C2-7 SVA than the V group for males (p < 0.05). The C2-7 SVA tended to be larger in the I
group, without significant difference for females (p = 0.362). Discussion: The mean C2-7 angle in
neutral and flexion positions was not significantly different between the V and I groups for either sex.
The mean C2-7 angle in the extension position was greater in the V group. The T1 slope was invisible
in males with high C2-7 SVA.

Keywords: T1 slope; C2-7 SVA; C2-7 angle

1. Introduction

The T1 slope is defined as the angle between the horizontal line and superior endplate
of the T1 vertebra [1]. It has been used to evaluate the sagittal balance of the cervical spine
and has been reported to have a strong correlation with greater sagittal malalignment
of the dens [1]. T1 slope angle, neck tilt, and thoracic inlet angle have been reported as
significant cervical sagittal parameters, similar to the concept that pelvic incidence, pelvic
tilt, and lumbar lordosis are important lumbosacral parameters in patients with adult
spinal deformity [2-6]. The relationship between health-related quality of life and surgical
outcomes and T1 slope has been examined in several studies [7,8].

T1 slope minus cervical lordosis can predict ideal cervical lordosis, and T1 slope plays
an important role in planning cervical surgery: predicting the progression of kyphosis
after cervical laminoplasty and the ideal correction angle in posterior cervical instrumenta-
tion [2,3,9]. However, the T1 vertical body is not always clearly visible on lateral cervical
radiographic images because of interference by the shoulder and thoracic trunk in obese
and short-necked patients [10,11]. Qiao et al. reported that the T1 upper endplate had poor
visibility in 34% of cases with plain X-ray radiographs [12]. In such cases, appropriate sur-
gical planning and clinical studies excluding cases with invisible T1 slopes have a selection
bias and can be challenging.
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However, to the best of our knowledge, the percentage of patients with invisible T1
slopes and the difference in radiological characteristics between patients with visible or
invisible T1 slopes remain unknown [13]. Therefore, this pilot study aimed to investigate the
differences between these characteristics in outpatients with visible or invisible T1 slopes.

2. Materials and Methods
2.1. Study Design and Ethics Approval

Our study retrospectively included adult patients with neck pain who underwent
lateral radiography with their necks in neutral, flexion, and extension positions from 2015
to 2016. The reason for radiography included spinal degenerative diseases, spinal tumors,
and ossification of the posterior longitudinal ligament. Patients with a history of cervical
infection, fractures, or surgery were excluded. This study was approved by the Research
Ethics and Conflicts Committee of our University and was performed in accordance with
the Declaration of Helsinki.

2.2. Radiological Assessment

Cervical lateral radiographs were obtained using standard radiographic techniques,
in which the tube was centered on the level of the center of the xiphoid process. Lateral
radiographic images were obtained with each participant standing and looking straight
ahead. Flexion and extension radiographs were obtained with the neck in maximum
flexion and extension. T1 slope angles were measured using these images, with the T1 slope
defined as the superior endplate of the T1 vertebrae [12]. Three spine surgeons evaluated
the visibility of the T1 slope. In cases where the surgeons disagreed regarding the visibility
of the T1 slope, a discussion was held to reach a conclusion. Patients were divided into
two groups based on whether the T1 slope was visible (V) or invisible (I), as decided by the
three surgeons.

In this study, we used dynamic range control processing methods to improve the
clarity of the radiographs. Dynamic range control processing can change the density and
contrast of only low- and high-density areas [14].

The measured parameters in the radiographs were as follows: the Cobb angle from
C2 to C7 (C2-7 angle) was defined as the angle between the inferior endplates of C2 and
C7 on standing lateral radiographs. The C2-7 angle was measured in neutral, flexion, and
extension positions. The C2-7 sagittal vertical axis (SVA) was defined as the deviation
of the C2 plumb line (extending from the centroid of the C2 vertebra) from the superior
posterior endplate of C7, with positive sagittal alignment defined as an anterior deviation.
All parameters were measured twice by the same researcher independently using the
same method.

2.3. Statistical Analyses

Sex was compared between the V and I groups using the Chi-square test. Patient
age, body mass index (BMI), C2-7 SVA, and C2-7 angle measurements on radiographs
were compared between the V and I groups using the Student’s t-test. Each analysis was
performed separately for men and women. For data aggregation and analyses, we used the
IBM SPSS Statistics version 24.0 software (IBM Corp., Armonk, NY, USA), and p < 0.05 was
considered statistically significant.

3. Results

The study population consisted of 60 consecutive patients with cervical spine disorders
other than cervical spine trauma who visited our hospital between 2015 and 2016; of these,
30 (50.0%) were female, and the average age was 44.5 years (range: 34-81 years).

Among the 60 patients, 53.3% (32 patients; 10 men and 22 women) were included in
the V group, and 46.7% (28 patients; 20 men and eight women) were included in the I group
(Table 1, Figure 1).

182



J. Clin. Med. 2022, 11, 411

Table 1. T1 slope visibility.

Total (n = 60) Male (n = 30) Female (n = 30) p-Value

T1 slope visibility (V

group/I group) 53.3% (32/28) 33.3% (10/20) 73.3% (22/8) <0.05
80~
S
= 60+
S
]
> 40+
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" 204
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Figure 1. T1 slope visibility.

Among the 60 patients, there were spinal degenerative diseases (1 = 28), spinal tumors
(n =9), ossification of the posterior longitudinal ligament (1 = 14), and other conditions
(n =9). The V group included 16 patients with spinal degenerative diseases, 6 with
spinal tumors, 10 with ossification of the posterior longitudinal ligament, and 5 with other
conditions. The I group included 10 patients with spinal degenerative diseases, 4 with
spinal tumors, 6 with ossification of the posterior longitudinal ligament, and 5 with other
conditions. There was no significant difference between the V and I groups (p = 0.943)
(Table 2).

Table 2. Cervical disorders in patients (1 = 60).

No. of Patients

Disorder Total V Group I Group
Degeneratlve 28 15 13
disorders
Spinal cord tumors 9 5 4
OPLL 14 8 6
Others 9 4 5

OPLL = ossification of the posterior longitudinal ligament. There was no significant difference between the V and
I groups (p = 0.943).

Of the 60 patients, 23 and 37 received surgical and conservative treatment, respectively.
In the V group, 12 patients received surgical treatment while 20 received conservative
treatment. The I group included 11 patients who received surgical treatment and 17 who
received conservative treatment. There was no significant difference between the V and I
groups (p = 0.887) (Table 3).

Table 3. Treatment for patients (1 = 60).

No. of Patients

Treatment Total V Group I Group
Surgical treatment 23 12 11
Conservative 37 20 17
treatment

Surgical treatment: decompression, posterior fusion, anterior fusion, resection of tumors. Conservative treatment:
medication, rehabilitation, observation. There was no significant difference between the V and I groups (p = 0.887).
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There were significantly more males in the I group (p < 0.05) (Table 3). No significant
differences were observed between the groups regarding age or BMI (Table 4). The mean
age was 44 .4 years (range: 35-78 years) in the V group, and 44.6 years (range: 34-81) in the
I group. The mean BMI was 21.2 (range: 19.6-24.3) and 22.1 (range: 19.9-26.1) in the V and
I groups, respectively.

Table 4. Baseline demographic characteristics of patients.

Total Visible (V group)  Invisible (I Group) p-Value
Age (years) 445+11.1 444 +125 446 £83 n.s.
BMI 21.6+24 212423 221425 ns.
Male:Female 30:30 10:22 20:8 <0.05

Values presented as mean =+ SD; n.s., not significant; BMI, body mass index.

We compared the C2-7 SVA and C2-7 angles between the V and I groups for each sex.
The mean C2-7 SVA was 16.0 mm in the V group and 28.9 mm in the I group for males.
The I group had significantly greater C2-7 SVA than the V group (p < 0.05) (Figure 2). For
females, the mean C2-7 SVA in the V group was 19.9 mm and 24.4 mm in the I group.
Similar to males, there was a higher C2-7 SVA in the I group, but there was no significant
difference (p = 0.362) (Figure 2).
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Figure 2. Comparison of the C2-7 SVA between the I and V groups in males and females. *: p < 0.05;
V group: T1 slope visible; I group: T1 slope invisible; C2-7 SVA, C2-7 sagittal vertical axis.

In the neutral position, the mean C2-7 angle in males was 11.8° in the V group, and
12.1° in the I group, and the mean C2-7 angle in females was 11.0° and 10.4° in the V and I
groups, respectively. There was no difference in the C2-7 angle in the neutral position for
both males and females between the V and I groups (Figure 3).

Similar to the neutral position, there was no significant difference in the flexion
position. In the flexion position, the mean C2-7 angle in males was —14.8° in the V group,
and —14.0° in the I group, and the mean C2-7 angle in females was —9.4° in the V group
and —8.7° in the I group. There was no significant difference in the flexion position in
females: 39.2° in the V group and 30.7° in the I group (p = 0.147) (Figure 3). In contrast, in
the extension position, the mean C2-7 angle in males was greater in the V group: 37.6° and
24.4° in the V and I groups, respectively (p < 0.05) (Figure 3).

Thus, male patients with greater C2-7 SVA had an invisible T1 slope, as shown in the
representative cases in Figure 4A,B.
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Figure 3. Comparison of the C2-7 angles between the I and V groups in neutral, flexion, and extension
in males and females. *: p < 0.05; V group, T1 slope visible; I group, T1 slope invisible.

Figure 4. Comparison between invisible and visible T1 slopes of patients. (A) Patient with invisible
T1 slope: 62 years old, male, ossification of the posterior longitudinal ligament, C2-7 SVA 58 mm,
C2-7 angle 4°. (B) Patient with visible T1 slope: 63 years old, female, ossification of the posterior
longitudinal ligament, C2-7 SVA 19 mm, C2-7 angle 22°.

In this study, some surgical cases were included. There was no clear difference in the
imaging changes in surgical cases between both groups before and one year after surgery

(Figure 5).
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Figure 5. Cont.
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Figure 5. Pre and postoperative radiographs of patients with visible and invisible T1 slope. (A,B) Pa-
tient with invisible T1 slope: 50 years old, female, ossification of the posterior longitudinal ligament,
C2-7 laminoplasty A; the preoperative radiograph, C2-7 SVA 39 mm, C2-7 angle 1°, C2 slope 27°, C7
slope 22°, B; the radiograph 1 year after surgery, C2-7 SVA 37 mm, C2-7 angle 11°, C2 slope 27°, C7
slope 17°. (C,D) Patient with invisible T1 slope: 51 years old, male, cervical spondylotic myelopathy,
C3-7 laminoplasty A; the preoperative radiograph, C2-7 SVA 21 mm, C2-7 angle 15°, C2 slope 11°,
C7 slope 22°, B; the radiograph 1 year after surgery, C2-7 SVA 18 mm, C2-7 angle 25°, C2 slope 5°,
C7 slope 24. (EF) Patient with visible T1 slope: 62 years old, female, ossification of the posterior
longitudinal ligament, C5-7 laminoplasty A; the preoperative radiograph, C2-7 SVA 4 mm, C2-7 angle
7°, C2 slope 6°, C7 slope 7°, T1 slope 6°, B; the radiograph 1 year after surgery, C2-7 SVA 14 mm,
C2-7 angle 2°, C2 slope 14°, C7 slope 16°, T1 slope 14°. (G,H) Patient with visible T1 slope: 44 years
old, male, cervical spondylotic myelopathy, C3-7 laminoplasty A; the preoperative radiograph, C2-7
SVA 8 mm, C2-7 angle 12°, C2 slope 11°, C7 slope 17°, T1 slope 24°, B; the radiograph 1 year after
surgery, C2-7 SVA 21 mm, C2-7 angle 1°, C2 slope 23°, C7 slope 18°, T1 slope 20°.

4. Discussion

To the best of our knowledge, this is the first study comparing the characteristics of
patients with and without an identifiable T1 slope. This was a pilot study in outpatients as
a preliminary step to determine the clinical significance of T1 slope visibility on surgery. In
this study, the T1 slope could not be identified in 46.7% of the cases. T1 slope was invisible
predominantly in males. In males, the C2-7 SVA was significantly larger, and the C2-7
angle in extension was significantly smaller in cases with an invisible T1 slope. The same
trend was observed in females, but the difference was insignificant. Thus, the T1 slope was
invisible in the male physique, and cases with anterior cervical shift characterized by larger
C2-7 SVA.

The T1 slope was first reported by Knott et al. [1] in 2010 as the T1 sagittal angle. They
noted that the T1 slope was positively correlated with the C2 SVA, influencing the global
sagittal balance. Additionally, several other recent studies have addressed the relationship
between the T1 slope and other parameters of the global sagittal balance of the spine.
Patients with a large T1 slope require large cervical lordosis to preserve the sagittal balance
of the cervical spine, suggesting that the T1 slope affects cervical sagittal alignment [14].
Furthermore, Lee et al. [3,15] reported a significant relationship between the T1 slope
and thoracic kyphosis. A significant weak correlation between the T1 slope and lumbar
lordosis was also reported [15]. These findings suggest that the T1 slope is associated with
cervical sagittal alignment and thoracic and lumbar sagittal alignment, in addition to the
fact that the T1 slope is an important factor for global sagittal alignment. However, it
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has been reported that upright cervical radiographs are more accurate than whole spine
radiographs for evaluating cervical spine alignment, including T1 slope. This study used
upright cervical spine radiographs instead of whole spine radiographs [16].

Despite the importance of the T1 slope, the T1 vertebral body is often unclear on
cervical radiographic images due to interference of the shoulder contour, especially in
obese or muscular individuals [11,17], resulting in difficulty in identifying the T1 slope. In
previous reports, the T1 slope was difficult to identify in approximately one-third of the
cases [12,17]. In this study, the T1 slope could not be identified in 46.7% of the cases, almost
consistent with the previous observation.

Several alternative methods have been investigated in cases with an invisible T1 slope,
including magnetic resonance imaging (MRI) or computed tomography (CT). T1s-CL is
important for cervical spine postoperative alignment assessment. In a study examining
alternative parameters to T1s-CL, the C2 slope was the parameter that correlated best with
pre- and postoperative changes [18]. Supine MRI and CT images cannot be considered an
alternative to the T1 slope on lateral radiographs as these images are not captured in the
upright position [19]. Jun et al. reported that the T1 slope angle on radiographs was larger
than on CT images. However, a significant correlation was noted between the T1 slope
angles on radiographs and CT images [10]. Park et al. correlated C7 slope with T1 slope by
measuring T1 slope on CT based on C7 slope on X-ray. However, they excluded cases where
the T1 slope was not visible on the X-ray [13]. A strong correlation between C7 slope and
T1 slope has been found in MRI studies with the patient seated in upright weight-bearing
neutral positions. However, no comparison with x-rays has been made [20]. Ideally, the
imaging modality enabling clear visualization of the T1 upper endplate in an upright
position, such as EOS® (EOS® imaging, Paris, France), is generally desired [21]. EOS® is
the EOS imaging system, a novel technique that allows for acquiring images of the body or
of body sections in standing position and under normal weight-bearing conditions [22].
However, many facilities do not have access to EOS, and researchers have to exclude cases
in which the T1 upper endplate is invisible. As an alternative to the T1 slope on lateral
radiographs, the C7 slope reportedly correlated significantly with the T1 slope [12,17].

We showed that cases with invisible T1 slopes had some notable characteristics. First,
the T1 slope was invisible in males. This may be affected by differences in body thickness
and shoulder position between men and women: the T1 upper endplate could be affected
by the shoulder and thoracic trunk, especially in obese and short-necked patients [10].
Furthermore, Reynolds et al. demonstrated that neck circumference influences cervical
sagittal alignment [23]. Neck circumference is influenced by muscle or obesity [24]; thus,
it can influence T1 slope visibility. Further, we found significant differences in extension
(C2-7) angle and C2-7 SVA between patients in the I and V groups. In cases where the
cervical vertebrae shift forward and the cervical backward bending angle is small, T1 is
hidden under the soft tissue and appears invisible, as shown in Figure 4. The risk of
kyphotic deformity after cervical decompression is high in cases with a large C2-7 SVA
shift [25]. Many cases require deformity correction, and the T1 slope must be considered to
achieve an ideal cervical lordosis. The classification of cervical spine deformity is based on
the T1 slope [26]. However, it might be necessary to consider a new classification based on
a reliably measurable index such as the C7 slope [12].

There are some limitations to this study. First, the number of patients included in this
study was small. Further, this study was conducted on symptomatic patients, which may
have affected the global alignments. To overcome this problem, clinicians should consider
investigating the radiography of healthy individuals. However, these patients may be
evaluated in clinical studies for surgical results. Furthermore, the condition of radiographic
imaging was not completely unified; thus, it could affect T1 visibility. It would also have
been desirable for the three surgeons to blindly classify the patients into the V and I groups
before starting the study. However, since there were no numerical data, the three surgeons
discussed the decision from the beginning. As a result, it was necessary to discuss and
decide one way or the other, and the result would not have been different even if we had
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done it blindly at the beginning. In addition, C2-7 SVA and C2-7 angles were measured by
a single person, and the validation is insufficient.

5. Conclusions

In summary, our study analyzed the differences in demographic and radiological
characteristics between patients with visible or invisible T1 slopes. Our findings suggest
that the T1 slope tends to be invisible in males with greater C2-7 SVA. This was a pilot
study. Therefore, based on the results of this study, we would like to accumulate surgical
cases in the future and further investigate the clinical significance of this study.
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Abstract: Background: The current literature is not conclusive for spinal orthosis treatment in low
back pain. Therefore, two questions have to be answered: Does the current literature support the
indication of spinal orthosis treatment in low back pain? Which treatment concept can be derived
from the result? Method: The 30 highest-rated literature citations (PubMed: best match, 30 December
2021) dealing with low back pain and spine orthosis were included in the study. Excluded were
all articles related to Kinesio Taping, scoliosis, physical exercise, or dealing with side effects and
unrelated to treatment effect. Thus, the literature list refers only to “low back pain and spine orthoses”.
These articles were analyzed according to the PRISMA criteria and divided according to “specific
diagnosis”, when the cause of pain was explained (group A), or when “specific diagnosis is not given”
(group B). The articles were also distinguished by the information about the orthosis. Articles with
biomechanical information about the function of the orthoses were called “diagnosis-based orthosis”
(group C). All other articles were part of the group “unspecific orthotic treatment” (group D). The
results were compared to each other in terms of effectiveness. According to anatomical causes,
a concept of orthosis selection depending on diagnosis of low back pain for clinical practice was
developed. The risk of bias lies in the choice of the MESH terms. The synthesis of the results was
a clinical treatment concept based on findings from the current literature. Results: The literature
citations with 1749 patients and 2160 citations of literature were processed; 21 prospective clinical or
biomechanical studies and 9 review articles were included. The combination of literature citations
according to “specific diagnosis” (group A) and “diagnosis based orthosis” (group C) was very likely
to lead to a therapeutic effect (seven articles). No positive effect could be found in four articles,
all dealing with postoperative treatment. When “specific diagnosis is not given” (group B) and
combined with “unspecific orthotic treatment” (group D), therapy remained without measurable
effect (15 articles). An effect was described in four articles (three biomechanical studies and one
postoperative study). In review articles, according to specific diagnosis, only one article dealt with
fractures and another with stenosis. In all review articles where specific diagnosis was not given,
no effect with spine orthoses could be found. Using this knowledge, we created a clinical treatment
concept. The structure was based on diagnosis and standardized orthoses. According to pain location
and pathology (muscle, intervertebral disc, bone, statics, postoperative) the orthoses were classified
to anatomical extent and the mechanical limitation (bandage, bodice, corset, orthosis with shoulder
straps and erecting orthosis). Conclusion: The effectiveness of spinal orthoses could not be deduced
from the current literature. The most serious limitation was the inconsistency of the complaint and
the imprecise designation of the orthoses. Interpretation: Articles with a precise allocation of the
complaint and a description of the orthosis showed a positive effect. The treatment concept presented
here is intended to provide a basis for answering the question concerning the effectiveness of spinal
orthoses as an accompanying treatment option in low back pain.

Keywords: back pain; low back pain; brace; spine orthoses; lumbar support; spine support
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1. Introduction

Spinal orthoses are used for spinal complaints in a very undifferentiated manner. This
concerns the medical clarification as well as the selection of the aids. The international
literature has referred to the clarification of a treatment algorithm.

The goal of orthotic care for spinal disorders is to reduce discomfort while activating
the patient. This is achieved by segmental spinal stabilization and/or position correction.
However, a targeted reduction of discomfort is only possible if the cause of the discomfort
is known. This results in the requirement for a structured clinical examination, followed by
imaging procedures.

A structured treatment concept is required for orthotic care, comparable to surgical
planning. Undifferentiated indications bring orthotic treatment into disrepute, and the
opinion of physicians regarding this form of treatment may be classified as negative.
Nevertheless, the prescribing behavior is surprisingly generous in, for example, Austria.
It is not the intention of this article to present this discrepancy. Rather, it aims to provide
a guideline for structured care. The structure of this article is based on orthotics of the
thoraco-lumbo-sacral spine.

The current literature is focused on lumbar complaints and thus on quickly available
adaptable orthoses (adaptable device = industrial products).

This article attempts to reconcile the medical indications with the biomechanical crite-
ria for orthotic fitting, and to address the following questions: does the current literature
support the indication of spinal orthosis treatment in low back pain, and what treatment
concept can be derived from the result? We hypothesized that if the cause of low back pain
is not clarified and differentiated, no targeted effect may be expected from orthotic fitting.

2. Methods

The present article follows the current PRISMA criteria from 2020. This report com-
prises a literature review for which the current literature was first searched in PubMed on
30 October 2021 for the MESH terms “low back pain and spine orthoses”, then updated on
30 December 2021. Excluded were all articles related to Kinesio Taping, scoliosis, physical
exercise programs and articles unrelated to treatment effect. Papers related only to a side
effect were not included in the literature list. A general definition of low back pain and
spine orthoses is given. Thus, the literature list refers only to “low back pain and spine
orthoses” and resulted in 30 matches [1-30]. If the cause of the complaints was mentioned
in an article, said article was assigned to group (A) with specific diagnosis.

Papers that did not provide a definite indication of the cause of pain were assigned to
group (B), “specific diagnosis is not given”. Orthoses were differentiated in the same way.
Articles with clear biomechanical information about the orthosis were called “diagnosis
based orthosis” (group C). All other articles with only general biomechanical information
were assigned to the group “unspecific orthotic treatment” (group D).

For the treatment concept, the next step was to create a structured differentiation of
the orthoses. The differentiation was made in accordance with colloquial terms because a
generally accepted definition or classification does not exist. In a further step, a standard-
ization of the orthotic indication was created in accordance with the different causes of pain.
This resulted in a clarification concept for the cause of pain and subsequently a functional,
biomechanical treatment goal for the orthosis selection. This concept was summarized in
tabular form.

The risk of bias lies in the choice of the MESH terms. The synthesis of the results
yielded a clinical treatment concept based on findings from the current literature.

3. Results

In the first search, 43,153 papers (“low back pain”) were found; when adding “brace”,
318 remained, 4949 for “spine support” and 3623 for “lumbar support”. For “orthoses”,
391 papers remained. The abstracts were searched for the exclusion criteria as described
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above. Thereafter, 54 papers remained for full-text screening, which resulted in full-text
analysis of the 30 papers presented here with clinical relevance ([1-30], Figure 1).

Low back pain
n=43,153

LBP a.nd?)race LBP anci lumbar LBP and spine

n=2318 support suppeort
n=4949 n=3623

'

All results above

and orthoses

n =391

i

A
Full text screen

Figure 1. Flow diagram.

Literature citations with 1749 patients and 2160 citations were processed. Ultimately,
21 prospective clinical or biomechanical studies and 9 review articles were included.

The following definitions of low back pain and spine orthoses were used:

Low back pain was defined as pain of musculoskeletal origin extending from the
lowest rib to the gluteal fold that may at times extend as somatic referred pain into the
thigh (above the knee). The definition of the North American Spine Society (978-1-929988-
65-5) of an orthosis is as follows: A brace, splint, or other artificial external device serving
to support the limbs or spine or to prevent or assist relative movement [13].

Many different terms are used for back orthoses (spinal orthoses, spine support, back
supports, braces, bandage, girdle spine support, bodice, corsage, corset etc.).

This concerns the choice of words used, the indication for the orthotic fitting as well
as its mode of action and design. A generally valid definition is lacking. There is only a
general classification in ISO 8549-3:2020(en) (see Tables 1-3).

3.1. Overview of the Current Literature

The cause of the complaint must be diagnostically narrowed down.

The orthosis must be clearly defined in terms and function (Table 1).

Only when a differentiated cause of the complaint according to “specific diagnosis”
was determined (group A) and the appropriately adapted “diagnosis based orthosis” was
used (group C), were positive effects found in prospective studies ([2,5,9,22,28,30], Table 1),
one retrospective study ([28], Table 1) and one review article ([10], Table 2).

No positive effect was prescribed in postoperative prospective studies ([20,23,25],
Table 1) and one review article ([29], Table 2).

When no specific diagnosis is given (group B) and nonspecific orthotic treatment
is administered (group D), no consistent result can be expected. The listed prospective
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studies ([1,6,8,11,14,17-19], Table 1) and review articles ([12,13,15,16,24,26,27], Table 2)
demonstrated no positive effect. An effect was described in three biomechanical studies
([3,4,7], Table 1) and one postoperative study [21].

All meta-analyses and literature research reviewed did not provide medical or tech-
nical differentiation [1,6,8,11-19,24,26,27]. Thus, general orthotic designations such as
“lumbar support” are used in the following. A general conclusion could not be found.

No review articles were identified where specific diagnosis was not given and orthosis
with unspecific treatment was combined.

Table 1. Therapy effect in the literature for prospective studies and one retrospective study, depending
on cause of complaint and orthosis.

Diagnosis Orthosis
With effect

Group A [2,5,9,22,30] (retrospective Group C

According to study 28) Diagnosis based
specific diagnosis Without effect Orthosis
[20,23,25]
Group B Witz ;fo'iCt Group D
Specific diagnosis is (347,211 Orthosis as

not given Without effect unspecific treatment
[1,6,8,11,14,17-19]

Table 2. Therapy effect in the literature for review articles depending on cause of complaint and orthosis.

Diagnosis Orthosis
With effect
Group A [10] Group C
According to - Diagnosis based
specific diagnosis Without effect Orthosis
[29]
With effect
Group B - Group D
Specific diagnosis is - Orthosis as
Without effect

not given unspecific treatment

[12,13,15,16,24,26,27]

3.2. Summary of the Literature and Whether It Supports the Indication of Spinal Orthosis
Treatment in Low Back Pain

In the examined scientific literature we found a wide range of terms for orthoses.
The terms did not give a clear indication of the orthosis used (orthosis, lumbar support,
lumbar belt, brace, bandage, bodice, corset, pelvic orthosis, LSO (lumbosacral orthosis),
low-profile exosuit, TLSO (thoraco-lumbar orthosis), hip orthosis, lumbar corset, bracing,
back belt, rigid brace). Conversely, in biomechanical studies, clear descriptions could be
found ([1-5,7,11], Table 1).

The medical descriptions of the complaint did not always indicate the cause of pain.
Wordings were non-specific with regard to low back pain, back pain, etc. [6,8,14,17-19,22,27,28].
Within meta-analyses, review articles and an online survey, the causes of the pain were not
differentiated [10,12,15,16,24,26,29]. In all cases of postoperative treatment, clear information
about the clinical situation was given [20,21,23,25,29]. Only in one clinical study was clear
information (MRI-Modic 1) given [28].

3.3. Differentiation of Spine Orthoses

In the following we make an effort to systematize the different terms used to describe
orthoses and to link them to complaints and diagnostics.
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Bandage (Soft orthosis with or without pads):

Protective, supporting bandage, soft/elastic (i.e., encompassing body parts with/
without pads).

The indications for fitting are acute or chronic complaints diagnosed by clinical examination.

The mode of action is through a circular socket and force application via a pad.

The diagnosis is considered to be mild, chronic or recurrent pain in the lumbar region
(back support brace with dynamic pad, Figure 2).

z
.

Figure 2. Bandage “Soft orthosis with or without pads”.

Furthermore, spinal pain with moderate instability and lumbalgia are specified (lordo-
sis/correction/bandage).

Bodice (girdle spine support, soft orthoses with struts, spine support, corsage):

Locally differentiated diagnoses are defined as indications for bodices. X-ray imaging
is recommended for indication.

The mode of action is via stiffening elements that overlap and stabilize body regions.
Delordosing of the lumbar spine is the major goal.

The diagnosis of recurrent pain in the lumbar spine or at the thoraco-lumbar transi-
tion is the primary focus (e.g., lumbalgia, dorsalgia), postnucleotomy syndrome and for
postoperative immobilization, but also instability, etc. (spine support with struts, Figure 3).

A distinction must be made between height differentiations with anatomical assign-
ment as stretching only the lumbar spine (LSO) or including the thoracic spine (TLSO), etc.

Spine support with abdominal sling for delordosis and relief of the segments of the
lumbar spine (in case of highly protruding abdomen, pregnancy, etc.).

Corset (soft orthoses with a rigid part to encompass the pelvis or a rigid orthoses):

Diagnosis of ailments that can be treated by correction and/or stabilization over the
pelvic area form the indication for corsets.

Their mode of action is the correction in the sagittal and frontal planes and the limita-
tion of rotation. This results in a degree of limitation that recommends slice imaging (CT or
MRI) in most cases.

Segmental instabilities, spondylitis or spondylodiscitis, tumors and metastases, frac-
tures without significant change in shape etc. are the most common indications.

A special form of indication is a bridging corset with the possibility of gradual release
of movement (e.g., as postoperative care; Figure 4). The corset becomes a bodice by
removing the pelvic frame and a bandage by removing the stiffening elements. This
gradually increases mobility.
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Figure 3. Bodice “soft orthosis with struts”.

Figure 4. Corset “Soft orthoses with a rigid part encompass the pelvis”.

Back brace with shoulder straps to erect the spine: dorsal struts with shoulder straps
to erect the thoracic spine.

Symptomatic osteoporosis and hyperkyphosis in seniors are the most common indica-
tion for this treatment (Figure 5) [30].

Spinal orthosis which does not encompass the body to relieve spine: orthoses that do
not encircle the trunk in a circular manner. Their aim is correction, especially in the sagittal
plane. Thus, the indication for straightening the spine is in the primary focus. Vertebral
fracture treatment without significant bony deformity forms the main indication (Figure 6).
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Figure 5. Back brace with shoulder straps to erect spine.

Figure 6. Spinal orthosis to relieve the spine.

Our goal was to derive a treatment concept on the basis of a delineation of the indica-
tions for different orthoses.

According to the results of the literature review and classification of spinal orthosis,
we made a standardization of indication. A clarification concept of the complaints followed
by the orthosis selection depending on anatomical cause of the complaint was an element
of the treatment concept.

In Table 3, pain localization is linked to pathology and orthosis selection is based on
the anatomical localization and cause of the complaint. Table 3 gives an overview for a
basic concept.

The result of a clinical examination is sufficient for the prescription of a bandage.
Bandages can relieve pressure through the circular socket and, through the use of pads,
provide targeted force application and thus pain relief (Figure 2).

Diagnoses derived from X-ray findings allow segmental assignment. Thus, a segmen-
tal force application or change in position of the spine is required to alleviate the symptoms.
This correction can be achieved by a bodice (girdle spine support) (Figure 3).
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A differentiated diagnosis by means of CT or MRI provides information that can
be assigned to segmental anatomical structures. Only wearing a corset can provide the
resulting stabilization or change of spine positioning (Figure 4).

In everyday use, there are overlaps between bodices and corsets.

A back brace with shoulder straps is indicated to erect the spine without affecting
breathing. A fragile kyphotic spine, especially in elderly people, is the main indication
(osteoporosis, metastasis, etc.) (Figure 5).

Spine supports which do not encompass the body are a possible treatment of vertebral
body fractures without loss of stability, and support the healing conservatively (according
to AO classifications A0 and A1) (Figure 6).

For prevention, wearables have become increasingly available as a training device for
postoperative treatment and to avoid discomfort. The line between medical treatment and
sports equipment is becoming increasingly blurred.

Table 3. Standardization of indication and therapy goals.

Diagnosis Orthosis

Summary

Back pain

Spinal orthosis

Cervical syndrome

Cervical orthosis (CO)

Dorsalgia Thoracic orthosis (TO)
o Lumbalgia Lumbo-sacral orthosis (LSO)
Local distribution Sacralgia Sacro-iliac orthosis (SIO)
Combination Thoraco-lumbar-sacral orthosis (TLSO)
Cervico-thoraco-lumbo-sacral orthosis (CTLSO)
Pathology Diagnosis Therapy Mode of action Product
Targeted force
Muscle Lumbalgia Relief application via Bandage
pads
. Lum‘balg-la ‘ Stabilization Delordosization
Disc Lumboischialgia Positionin through dorsal
Instability & bridging
Spondylarthrosis Position change Bodice
Baastrup .
Osteochondrosis o Delordosis Corset Depending on the
Bone Osteoporosis Stabilization Back brace necessary stability
Fracture Stabilization Spinal orthosis
Metastases Prevention
Hyperkyphosis
Static Hyperlordosis Position correction
Scoliosis
Stabilization
Postoperative Post Segmemal .PrOtECt the Local relief Soft orthosis with struts
fusion adjacent segment
Rapid mobilization
Long-term Stimulators
Training device treatment Activation Wearables

or prevention

Assistive products

4. Discussion

This manuscript demonstrates missing links between low back pain and orthotic fitting.
As a result of these findings, we developed a concept for orthotic selection depending on the
pathological source. This could be considered a step towards improving the accompanying
treatment options and therapeutic accuracy.
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Spinal orthoses can limit range of motion, and can stabilize or reposition spinal
segments. In the case of obesity or during pregnancy, the circular design can relieve the
spine through targeted application of ventral forces. Other local effects are described, but
not well studied. For temporary orthotic treatment, the effects must be consistent with the
cause of the complaint.

One prospective study did not show any effectiveness of lumbar supports in 28 assembly-
line workers, with respect to low back functionality and disability [1]. In contrast, another
reported positive effects of wearing a lumbar belt in workers [4]. An in vitro biomechanical
study investigating the effects on posterior pelvis kinematics reported an altered lum-
bosacral transition and increased movement in the sacroiliac joint by pelvic orthosis [5].

Two prospective reports dealt with postoperative bracing including 119 patients.
No indication for postoperative bracing regarding pain relief or quality of life was
observed [22,23]. The same was true for 96 patients with conservatively treated thoraco-
lumbar burst fractures [9] or following single-level lumbar discectomy in 54 patients [20].

Regarding low back pain, different study protocols reported a positive effect of lumbar
orthosis in 115 patients [2,6,18,21]. In contrast, four different randomized studies did not
provide any pain relief after six months observation of 266 patients [8,14,17,30]. No positive
effect of wearing a lumbar orthosis on muscle thickness measured by ultrasound was
reported in 44 patients [19]. Reduced back muscle fatigue was reported in six healthy
participants after wearing a low-profile elastic exosuit [7].

Here we only individually discuss those contributions that describe no effect de-
spite differentiated cause of pain and differentiated orthotic fitting. In total, 30 studies
were identified, of which 20 were prospective studies (Table 1) and nine were reviews
or meta-analyses (Table 2). The remaining paper was a retrospective analysis of treating
chronic lumbar back pain with a rigid lumbar brace [28]. The literature selection process is
presented in the flow diagram in Figure 6.

Zoia et al. investigated postoperative orthotic fitting after monosegmental disc surgery.
Their highly structured study concluded that after monosegmental disc surgery, the short-
term and mid-term outcomes displayed no difference to orthosis-free care [20].

It should be noted that all patients displayed monoradicular lumboischialgia and were
surgically treated by only two surgeons using microscopes. The corresponding pain reduc-
tion did not suggest an effect of additional orthoses, since a sufficient postoperative pain
treatment would be expected. The question about a possible reduction of pain medication,
recurrence frequency or longer-term instability has not been answered.

Fujiwara et al. reported that orthotic fitting after PLIF (posterior lumbar interbody
fusion) resulted in no benefit compared to orthotic-free fitting. Severe osteoporosis was
mentioned as an exception [23].

Neither a benefit nor a disadvantage in terms of complaints was recorded in the control
period of 3 months. In this case, it was also true that drug therapy was not answered. A
long-term effect on follow-up degeneration was not discussed.

Orthotic fitting after posterior instrumented fusion did not improve quality of life or
complaints, as reported by Soliman. The number of complications and reoperations in the
brace group (7 out of 25) and in the control group (5 out of 18) must be seen as a limitation
on the outcome [25].

Disc surgery, or segmental fusion, should not require additional external stabilization.
However, this only applies to the surgically treated segment. The protection of the adjacent
segment and thus the reduction of connecting degenerations cannot be derived from this.

It must also be considered that a sufficient postoperative medicinal pain treatment
excludes the discomfort as a measure for an indication of the orthotic fitting.

From this perspective, local wound treatment, reduction of complications and, in the
long term, prevention of follow-up degeneration should be cited as measures of treatment
success with spine orthoses.

In a Cochrane Database of Systematic Reviews from 2016, the “Surgical versus non-
surgical treatment for lumbar spinal stenosis” was treated. The authors concluded that they
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had very little confidence to confirm whether surgical treatment or a conservative approach
is better for lumbar spinal stenosis, and they could not provide any new recommendations
to guide clinical practice [29].

The results of the current literature are presented in a structured manner. Overall,
there are no general statements for or against treatment with orthoses in low back pain.

The simple systematic structuring of orthoses forms the basis for finding promising
treatments, but also forms a basis for contraindications.

Strict scientific statements cannot be provided. The structure of the orthoses is influ-
enced by clinical application, since neither the nomenclature for orthoses nor a recommen-
dation for indications is currently available.

This manuscript highlights the weakness of the current indications for orthotic provi-
sion in low back pain.

Accordingly, we can conclude that the current literature gives no recommendations to
guide clinical practice.

The effectiveness of spine orthoses cannot be deduced from the current literature. The
most serious limitation is the inconsistency of the complaints and orthoses. Furthermore,
the imprecise designation of the orthoses is an additional limitation.

5. Conclusions

The effectiveness of spinal orthoses cannot be determined on the basis of the current
literature. A major limitation is the lack of standardized nomenclature.

The lack of differentiation of the causes of pain is another weakness in many scientific
papers. This limitation cannot be overcome by statistical methods or meta-analyses.

Additionally, in the case of postoperative treatments, pain reduction cannot be applied as a
measure of therapeutic success in the presence of sufficient medicinal pain management.

The categorization of spinal orthoses demonstrated in this manuscript should be an
impetus for further efforts to standardize products. These suggestions can provide the
basis for answering the question of the effectiveness of spinal orthoses in conjunction with
a differentiated cause of complaints. Spinal orthoses are an additional treatment option in
limited indication of medication or surgery.

We found that articles with a precise allocation of the complaint and a description of
the orthosis showed a positive effect. The treatment concept presented here is intended to
provide a basis for answering the question concerning the effectiveness of spinal orthoses
as an accompanying treatment option.
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Abstract: During the ongoing coronavirus disease 2019 (COVID-19) pandemic, home-quarantine
has been necessary, resulting in lifestyle changes that might negatively affect patients with spinal
disorders, including a reduction in their quality of life (QoL) and activities of daily living (ADLs).
However, studies on this impact are lacking. This study aimed to investigate the age-related changes
in QoL and ADLSs in patients with spinal disorders, and also identify factors associated with decline
in ADLs. This multicenter cross-sectional study included patients who visited four private spine
clinics for any symptoms. The study participants either had a clinic reservation, were first-time clinic
visitors, or had a return visit to the clinic. The participants completed several questionnaires at two
points: pre-pandemic and post-second wave. Changes in patient symptoms, exercise habits, ADLs,
and health-related QoL were assessed. A logistic regression model was used to calculate the odds
ratio (OR) of each variable for decline in ADLs. We included 606 patients; among them, 281 and 325
patients were aged <65 and >65 years, respectively. Regarding exercise habits, 46% and 48% of the
patients in the <65 and >65-year age groups, respectively, did not change their exercise habits. In
contrast, 40% and 32% of the patients in the <65 and >65-year age groups, respectively, decreased
their exercise habits. In the multivariate analysis, the adjusted ORs for sex (female), decreased
exercise habit, and age >65 years were 1.7 (1.1-2.9), 2.4 (1.4-3.9), and 2.7 (1.64.4), respectively. In
conclusion, there was a decline in the ADLs and QoL after the COVID-19 outbreak in patients with
spinal disorders. Aging, reduction of exercise habits, and female sex were independent factors related
to decline in ADLs.

Keywords: COVID-19; pandemic; spinal disorder; elderly; exercise habit; female; quality of life;
activities of daily living

1. Introduction

The coronavirus disease 2019 (COVID-19) pandemic has continued worldwide since
early 2020 [1]. The pandemic was declared by the World Health Organization on 11 March
2020, with alarming levels of spread and severity [2]. In Japan, a state of emergency in
response to the COVID-19 pandemic was declared between 7 April and 25 May 2020.
People were required to stay at home during this period, with their lifestyles changing even
after the end of the declaration. During this period, most gyms for elderly people were
closed because the novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
is primarily transmitted through direct routes, including respiratory droplets and direct
person-to-person contact [3,4]. Specifically, age > 65 years is a known risk factor for severe
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acute respiratory infection by COVID-19 [5]. Consequently, people within that age category
have more compromised activity compared with younger adults. Additionally, disuse
in the elderly population increases their vulnerability to rapid skeletal muscle atrophy,
functional strength loss, and multiple related negative health consequences [6].

The Japanese Orthopedic Association recommends the guidelines of the Centers for
Medicare and Medicaid Services and American College of Surgeons [7,8], that is, that low
acuity and intermediate acuity practice should be postponed or rescheduled. The North
American Spine Society has provided guidelines for applying injections, interventional
procedures, and surgeries, with the understanding that decision-making is strongly influ-
enced by multiple factors, as follows [9]. The current pandemic might negatively affect
patients with spinal disorders, including by reducing quality of life (QoL) and activities of
daily living (ADLSs), especially in the elderly population. However, there has been no study
of this impact. Therefore, the present study aimed to reveal the changes in the QoL and
ADLs of patients with spinal disorders after the first and second waves of the pandemic
according to age, and to investigate the factors related to deterioration in ADLs.

2. Materials and Methods
2.1. Study Design

This was a multicenter cross-sectional study in four spine clinics. All patients who
visited the spine clinics for any symptoms were asked to participate in a survey. Patients
who provided informed consent were enrolled and were allowed to withdraw at any
point if they wished (i.e., during or after completing the questionnaire). The participants
were asked to answer questions from several questionnaires at two points: pre-pandemic
and post-second wave. This survey was conducted between 1 November 2020 and 31
December 2020 in Osaka, Japan. In Japan, the first and second waves of the COVID-19
pandemic occurred in April and August, respectively, and the third wave occurred during
the study period.

All study participants provided written informed consent. The study protocol was
approved by the Institutional Review Board of the representative institution (approval
No: 2020-242).

2.2. Patients

Patients who had a reservation in the clinic, were visiting our spine clinic for the
first time, or had a return visit to the clinic were enrolled in this study after providing
written informed consent. Patients who could not understand the questionnaires were
excluded from the analysis in order to ensure that the data obtained was accurate. Patients
with new symptoms after the outbreak were excluded from the analysis investigating
outcome changes.

Among 1103 patients who visited our spine clinics, 747 patients were enrolled in this
study. Among those 747 patients with spinal disorders, 141 patients were excluded since
their symptoms had developed after the COVID-19 outbreak. Therefore, we included
606 patients in the analysis. There were 281 and 325 patients in the <65- and >65-year
groups, respectively (Table 1); the respective average ages were 49.0 (standard deviation,
SD: 10.7) and 75.9 (6.3) years. The proportion of females was higher in the <65-year group
(45%) than in the >65-year group (53%) (p = 0.039). There was no between-group difference
in the ratio of patients who refrained from visiting clinics (37% and 32%, p-value = 0.228).
Regarding exercise habits, 46% and 48% of patients in the <65- and >65-year groups,
respectively, did not change their exercise habits. In contrast, 40% and 32% of patients in
the <65- and >65-year groups, respectively, decreased their exercise habits. Compared with
pre-pandemic symptoms, the current symptoms were worse in 8% and 7% of patients in
the <65- and >65-year groups, respectively, with no significant between-group difference
(p-value = 0.988).
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Table 1. Comparison of the patient characteristics between individuals aged <65 and >65 years.

Age < 65 Years Age > 65 Years
n =281 n =325 p-Value
1 (%) or Mean (SD) 1 (%) or Mean (SD)
Age 49.0 (10.7) 75.9 (6.3) <0.001
Sex (female) 126 (45) 173 (53) 0.039
Patients who refrained from visiting clinics due to the pandemic
103 (37) 104 (32) 0.228
Frequency of change of exercise habits before and after the outbreak
No change 129 (46) 157 (48) <0.001
More 17 (6) 3(0.9)
Less 89 (32) 130 (40)
No exercise before or after the pandemic 46 (16) 35(11)
Comparison of the current and pre-outbreak symptoms
Worse 19 (8) 20 (7) 0.988
Little worse 26 (11) 31(11)
No change 162 (71) 194 (71)
Little better 11 (5) 15 (6)
Better 9(4) 12 (4)

2.3. Procedures for Data Collection

The study coordinator gave short instructions and the patients filled out the paper
questionnaire forms with pencils. The paper questionnaires were returned on the day of the
clinic visit. To deal with the risk of social-desirability bias, the questionnaires guaranteed
anonymity and responses were compiled [10].

2.4. Instruments

The authors worked independently and then agreed on the final questionnaire design
by proving feedback on content accuracy, wording, question order, and survey structure.
Adjustments were progressively included by considering the feedback that emerged [11].
When full agreement among experts was achieved, the survey was started.

2.4.1. General Information

The questions requested participants’ date of birth, sex, and whether they were reluc-
tant (whether they had hesitated or not hesitated) to visit the hospital (Questionnaire items
in Supplementary Materials).

2.4.2. Changes after the COVID-19 Pandemic

Changes after the COVID-19 pandemic were assessed with respect to changes in
patient symptoms (improved, deteriorated, stable, or newly occurred after the pandemic),
exercise habits (increased, decreased, stable, or no exercise habit), ADLs, and health-related
QoL (HRQoL).

ADLs were evaluated using the criteria proposed by the long-term care insurance
system of the Japanese Health and Welfare Ministry for evaluation of the degree of inde-
pendence of disabled elderly individuals [12]. In rank ], despite the presence of disability,
daily life is almost independent, and patients can leave the home without assistance from
other individuals. In rank A, patients live independently indoors but require assistance to
leave the home. In rank B, patients require some assistance living indoors and spend most
of the day in bed, though they can sit up. Finally, in rank C, the patients spend all day in
bed and require assistance with urination/defecation, dressing, and eating. We divided the
ranks into two groups, thatis, J, A (dependent or requires assistance to leave home) and B,
C (bedridden or nearly bedridden).

205



J. Clin. Med. 2022, 11, 602

HRQoL at both time points (pre-pandemic and post-second wave) was cross-sectionally
assessed using the EuroQoL 5-dimension 5-level (EQ-5D) descriptive system in one survey.
The EQ-5D measures HRQoL on a 1—b5 scale of five severity levels in five dimensions,
including Mobility, Self-Care, Usual Activities, Pain/Discomfort, and Anxiety/Depression.
The Japanese version of the EQ-5D-5L was used in this survey. Subsequently, the domain
scores were converted into a summarized index based on previously published values [13].

2.5. Statistical Analysis

A restricted maximum-likelihood mixed-model regression was used to establish
whether there was a significant difference in HRQoL between pre-pandemic and post-
second wave. The model was used to assess the difference in HRQoL post-second wave
between the <65- and >65-year groups. Additionally, we compared the number of patients
who reached the minimum clinically important difference (MCID) between the <65- and
>65-year groups. The index score required a change of at least 0.08 decline to reach the
MCID [14] using a chi-square test. Each ADL at pre-pandemic and post-second wave was
compared using Fisher’s exact test. Change in ADLs between pre-pandemic and post-
second wave was compared using a chi-square test. Next, a binomial logistic regression
model was used to calculate the odds ratio (OR) of each variable for ADLs decline (ADLs
decline/no ADLs decline). The model was adjusted for potential confounding factors with
a p-value < 0.05 in the univariate analysis, including age (<65/>65 years), sex, regular
exercise (decrease/no change after the outbreak), and ADL:s status pre-pandemic. In the
sensitivity analysis, the Mobility and Self-Care dimensions of the EQ-5D-5L were used to
evaluate decline in ADLs. We defined decline in ADLs as one rank reduction of Mobil-
ity or Self-Care in EQ-5D-5L. Statistical significance was set at p < 0.05. Between-group
comparisons of continuous and categorical variables were performed using t-tests and
chi-square/Fisher’s exact tests, respectively. All p-values were two-sided. All statistical
analyses were performed using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA).

3. Results
3.1. Change in QoL and ADLs after the First and Second Waves of the Pandemic between the <65-
and >65-Year Groups

Figure 1 shows the between-group comparison of the pre- and post-outbreak HRQoL
measured using EQ-5D. The pre-outbreak EQ-5D scores in the <65- and >65-year groups
were 0.89 (0.14) and 0.85 (0.17), respectively. The post-outbreak EQ-5D scores in the <65-
and >65-year groups were 0.85 (0.15) and 0.79 (0.19), respectively. The mixed-effect model
revealed a significant between-group difference, as well as between before and after the
pandemic (both p-values < 0.001). There was no interaction between age (<65/>65 years)
and time (before and after the pandemic) (p-value = 0.139). The number of patients who
reached the MCID were 47 (17%) vs. 51 (16%), respectively (p-value = 0.734).

1
0.8
0.6
0.4
0.2

0

Before After
W age <65 M 265

Figure 1. Comparison of pre- and post-pandemic health-related quality of life measured using
the EQ-5D between patients aged <65 and >65 years. A mixed-effect model showed a significant
difference between patients aged <65 and >65 years (p-value < 0.001), as well as before and after the
pandemic (p-value < 0.001). There was no interaction between age (<65/>65 years) and time (pre-
and post-pandemic) (p-value = 0.139).
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Table 2 shows the between-group comparison of ADLs. Compared with the >65-year
group, the <65-year group showed better pre-outbreak ADLs (p < 0.001). The pre-outbreak
proportion of rank J1 was 77% and 58% in the <65- and >65-year groups, respectively.
Moreover, the post-outbreak ADLs in the <65-year group was better than the pre-outbreak
ADLs in the >65-year group (p < 0.001). However, the post-outbreak proportion of rank J1
decreased to 68% and 46% in the <65- and >65-year groups, respectively. Contrastingly,
after the outbreak, the proportion of rank J2 increased from 21% to 29% and from 30%
to 38% in the <65- and >65-year groups, respectively. There was greater deterioration in
ADLs in the >65-year group than in the <65-year group (10% vs. 18%, p-value < 0.001).

Table 2. Comparison of activities of daily living before and after the pandemic between patients aged
<65 and >65 years.

Pre-Pandemic Post-Pandemic
Age<65 Age>65 Age<65 Age > 65
Years Years p-Value Years Years p-Value
n (o/o) n (o/o) n (0/0) n (0/0)
ADLs rank
Rank J1 215 (77) 189(58) <0.001 192 (68) 149 (46) <0.001
Rank J2 60 (21) 96 (30) 81 (29) 124 (38)
Rank Al 0 26 (8) 1(0.4) 30 (9)
Rank A2 5(2) 13 (4) 7(2) 22 (7)
Rank B 1(0.4) 1(0.3) 0 0
ADLs change <65 >65
n (O/o) n ((Vo)
Improved 5(2) 9 (3) <0.001
No change 249 (89) 258 (79)
Deteriorated 27 (10) 58 (18)

Rank J1: Daily life is almost independent, and patients can go outside using different means of transportation
without assistance from other individuals. Rank J2: Patients can go outside in the home vicinity without assistance
from other individuals. Rank A1: Patients live independently indoors but require assistance to go out, and they
stay out of bed for most of the day. Rank A2: Patients live independently indoors but require assistance to go out;
however, they seldom go out and take several bed rests during the day. Rank B: Patients require some assistance
living indoors and spend most of the day in bed; however, they can sit up.

3.2. Factors Related to Decline in ADLs

Table 3 shows the univariate and multivariate ORs for reduction in ADLs. The
univariate analysis showed that for female patients, the OR of a reduction in ADLs was
significantly increased in comparison to the male patients. The OR of a reduction in ADLs
was also significantly increased in patients whose exercise habit had declined after the
COVID-19 pandemic in comparison to the patients whose exercise habit had not changed
or had improved. Additionally, the OR of a reduction in ADLs was significantly increased
for the patients aged >65 years in comparison to the patients aged <65 years. There was no
association between hesitation of visiting clinics and reduction in ADLs (p-value = 0.221).
The pre-outbreak ADLs rank (per 1 rank increase) decreased the risk of reduction in ADLs.
In the multivariate analysis, the adjusted ORs for sex (female), decrease of exercise habit,
and age > 65 years were 1.7 (1.1-2.9), 2.4 (1.4-3.9), and 2.7 (1.6-4.4), respectively. The
adjusted OR for pre-outbreak ADLs rank (per 1 rank increase) was 0.3 (0.2-0.5).

Table 4 shows the univariate and multivariate ORs for reduction in ADLs using
the Mobility or Self-care dimensions of EQ-5D-5L. There were 234 patients (39%) with
reductions in ADLs. In the multivariate analysis, the adjusted ORs for decrease of exercise
habit and age >65 years were 2.5 (1.5-4.1) and 1.9 (1.1-3.1), respectively.
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Table 3. Factors associated with reduction in ADLs using the long-term care insurance system of the
Japanese Health and Welfare Ministry.

Univariate ORs Adjusted ORs

©95% CI) p-Value ©95% CI) p-Value
Sex (female) 1.7 (1.1-2.8) 0.020 1.7 (1.1-2.9) 0.025
Hesitated to visit the clinic (yes) 1.3(0.8-2.1) 0.221
Decrease in exercise habits 2.2(1.4-35) 0.001 24 (1.4-39) <0.001
Age >65 years 2.0 (1.3-3.3) 0.004 2.7 (1.6-44) <0.001
ADLs pre-pandemic (per 1 rank increase) 0.4 (0.2-0.6) <0.001 0.3 (0.2-0.5) <0.001

OR, odds ratio; CI, confidence interval; ADLs, activities of daily living.

Table 4. Factors associated with reduction in ADLs using the Mobility or Self-Care dimensions of
EQ-5D-5L.

Univariate ORs Adjusted ORs

95% CI) pValue g5y, cpy  pValue
Sex (female) 1.3 (0.97-1.9) 0.079 1.5 (0.90-2.4) 0.124
Hesitated to visit the clinic (yes) 1.0 (0.7-1.5) 0.851

Decrease in exercise habits 1.4 (0.98-1.9) 0.063 25(1.54.1) <0.001

Age > 65 years 1.5(1.1-21) 0.015 19 (1.1-3.1) 0.016

Mobility dlmensmn'before pandemic (per 0.7 (0.5-092) 0011 05 (0.3-07) <0.001
1 rank increase)

Self-Care dimension before pandemic (per 0.7 (0.4-13) 0315 14(0.7-3.0) 0.294

1 rank increase)

OR, odds ratio; CI, confidence interval; ADLs, activities of daily living.

4. Discussion

This is the first report to reveal the impact of the COVID-19 outbreak on status changes
in patients with spinal disorders. This study sought to elucidate patients” behavioral
changes and the impact on their functional status during this pandemic. The patients’
HRQoL and ADLs were worse after the outbreak. There were physical and mental factors
related to the decline in the HRQoL. Staying at home led to loss of opportunity to exercise
and loneliness among individuals. This study reported a significant decrease in the EQ-5D
by 0.04-0.06. Additionally, 16-17% of patients reached the MCID of EQ-5D. Upon the
announcement of the first pandemic wave, leisure activities were closed for >1 month from
March to May. Moreover, even after the end of the emergency declaration, lifestyles dramat-
ically changed. Public health restrictions affect the physical activity of the elderly, especially
those with pre-pandemic higher exercise/sports activity levels and lower HRQoL [15]. In
the Chinese population, there were significant correlations among physical activity levels,
HRQoL, and perceived stress levels [15]. Additionally, prolonged sitting time was found to
negatively affect the HRQoL [15].

There was an obvious pandemic effect on ADLs, especially in elderly patients. This is
consistent with a previous report detailing that muscle atrophy by disuse was more rapid
and greater in elderly individuals than in young individuals [6]. This negative impact
caused by the outbreak was more apparent in the elderly population. Additionally, they
displayed a more significant decrease in exercise habits. During this pandemic period,
there was a greater need for enforcing exercise programs for elderly people. Moreover,
pandemic-related anxiety was found to be highest among citizens aged >65 years [16].

In our study, female sex was an independent risk factor for reduction in ADLs.
Kim et al. [17] reported that disability in ADLs was more common in females (20.8%
of the patients aged >65 years) than in males (13.3%). Moreover, compared with males,
females showed a higher prevalence of chronic diseases, including arthritis, osteoporosis,
and disc degeneration, which were risk factors for disability in ADLs. Furthermore, low
back pain is more common in women [18]. Low physical activity might enforce back pain,
which worsens chronic pain and results in low activity. In addition, the differences that exist
between males and females in perception, expression, and pain tolerance are influenced
by a wide variety of social and psychological factors [19]. Further, the incidence of knee
osteoarthritis was much higher in females (71.9% of the patients aged 70-79 years) than in
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males (48.2%) [20]. Muscle weakness is a primary risk factor for pain, disability, and joint
damage progression [21]. There might be sex differences in disuse muscle atrophy.

This study reported a positive relationship between exercise habits and decline in
ADLs. Therefore, maintaining exercise habits is crucial for risk reduction. A recent system-
atic review highlighted that running may be a protective factor against the onset of low
back pain based on studies investigating the incidence of low back pain in runners [22]. In
this study, effective and safe remote rehabilitation was performed in 41.9% of patients with
COVID-19, which facilitated rehabilitation in COVID-19-specialized general wards [23].
Additionally, telemedicine can provide very effective and satisfactory care in physical
medicine and rehabilitative spine practice [24]. During the COVID-19 pandemic, there is a
need for health services involving an integrated rehabilitation pathway to not only manage
the numerous survivors, but also patients with spinal disease.

There was no association between hesitation in visiting clinics and decline in ADLs.
Telemedicine might help to minimize risk of exposure for providers, in addition to allowing
patients to stay at home and comply with public health recommendations during the
pandemic, yet might have limited capability for thorough physical examination. However,
Iyer et al. [25] proposed a simple remote examination method for use by spinal healthcare
providers during telemedicine appointments to facilitate their ability to diagnose and treat
patients. In Japan, spine surgeons performed interventions based on the prescription given
at the last visit. Additionally, most patients who refrained from visiting might have had
lower disease severity. Even during the emergency declaration, surgery was performed
for emergent or urgent cases, including severe neurologic deficits, intractable pain, spinal
trauma, and spinal infection.

This study has several limitations. First, recall bias should be considered since the ques-
tionnaire was completed after the outbreak [26]. Therefore, a simple question commonly
used to determine ADLs in Japanese elderly individuals was used in order to prevent
ambiguous answers. In addition, we confirmed the results of the sensitivity analysis us-
ing EQ-5D-5L Mobility and Self-Care dimensions. Second, in order to ensure that the
questionnaire was easy for elderly participants to complete, it was designed such that it
did not comprise detailed information. Therefore, we could not collect details regarding
comorbidities and spine diseases, and did not collect information on treatment including
medication, physical therapy, and surgery. This could be crucial for assessing patient status.
Third, the sample size might be too small to analyze the association of “Hesitated to visit
the clinic” with reduction in ADLs. Fourth, this study involved only Japanese participants.
Therefore, the results may not be generalizable to other populations. Finally, this study
design could have led to a selection bias since the patients whose symptoms improved did
not revisit the hospitals. This might have resulted in overestimates of reduction in ADLs
and QoL. However, we believe that this did not affect the relationship between the factors
and decline in ADLs.

5. Conclusions

This study revealed the decline in ADLs and QoL after the COVID-19 outbreak in
patients with spinal disorders. Moreover, aging, reduction of exercise habits, and female
sex were independent related factors for decline in ADLs. Therefore, there is an increased
need for encouraging exercise for elderly people when the number of COVID-19 infections
is remittent. In addition, we need safe and sustainable exercise programs for elderly people,
even during the pandemic.
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Abstract: Healthy dietary habits are important to prevent locomotive syndrome (LS). We investi-
gated the relationship between LS and nutritional intake using community health checkup data.
We included 368 participants who underwent LS staging, blood sampling, and nutritional intake
assessments. Participants (163 adults < 65: 205 older adults > 65) were divided into normal (N; LS
stage 0) and LS (L; LS stage 1-2) groups, and blood sample data and nutritional intake were compared
between groups. Among adults (N group, 71; L group, 92), low-density lipoprotein cholesterol
(LDL-C) was significantly lower, and Vitamin B; intake was significantly higher in the L than in
the N group; LDL-C, p = 0.033; Vitamin B1, 0.029. Among older adults (N group, 85; L group, 120),
hemoglobin (Hb), albumin, and calcium levels were significantly lower, and sodium, monounsatu-
rated fatty acids (MUFA), and n-6 polyunsaturated fatty acids (n-6 PUFA) were significantly higher
in the L than the N group; Hb, p = 0.036; albumin, 0.030; calcium, 0.025; sodium; 0.029; MUFA; 0.047,
n-6 PUFA; 0.0233). Logistic regression analysis indicated that sodium was the risk factor for the L
group (exp (B) 1.001, 95% CI: 1-1.001, p = 0.032). In conclusion, salt intake was associated with LS.

Keywords: locomotive syndrome; nutrition; health checkup data

1. Introduction

Most developed countries are facing an aging society [1], and the number of peo-
ple who need support and care in daily life due to musculoskeletal disorders is increas-
ing [2]. Locomotive syndrome (LS) has been proposed by the Japanese Orthopaedic
Association (JOA) as an umbrella term to refer to the condition of reduced mobility due
to musculoskeletal disorders [2]. Details of the LS can be viewed at the following website;
https://locomo-joa.jp/assets/pdf/index_english.pdf (accessed on 23 January 2022). Lo-
comotive syndrome is defined as a condition of reduced mobility due to the impairment
of locomotive organs. LS is assessed by evaluating the degree of motor function via the
two-step test, stand-up test, and 25-question Geriatric Locomotive Function Scale (GLFS-
25). LS has received worldwide attention for assessing motor function in musculoskeletal
diseases [3]. LS is associated with a significantly lower quality of life (QOL) [4] and shorter
life expectancy. Prevention of LS has long been advocated for maintaining and improving
physical function in middle-aged and older adults [5]. In recent years, there have been
reports using LS as an index of postoperative outcome. [6,7].

Visceral diseases and genetic factors can also contribute to LS. Variable factors, such as
habitual inactivity, sedentary lifestyle, and inadequate nutrition contribute to the progres-
sion of LS [8]. Therefore, the JOA proposed an exercise for LS called locomotion training
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(LT), which consists of standing on one leg with the eyes open and performing squats, heel
raises, and front lunges [9].

In addition to reduced mobility, malnutrition is a common condition in older adults
and is associated with morbidity, mortality, and reduced quality of life [10,11]. Malnutrition
also affects musculoskeletal health and has been associated with chronic musculoskeletal
pain in older adults [12]. Malnutrition in older adults can progress through a variety
of mechanisms. Immobility due to musculoskeletal conditions has been associated with
sarcopenia and decreased oral intake [13]. Impaired mobility and malnutrition, two condi-
tions prevalent among older individuals, may be correlated and may potentiate each other,
resulting in poor health-related outcomes [10]. Muscle strength is the direct key that links
impaired mobility to malnutrition. Decreased muscle strength has been reported to be an
indicator of impaired mobility [14], and decreased muscle mass has been reported to be a
consequence of malnutrition [15].

There are no reports directly examining the relationship between LS and dietary
habits. This study aimed to examine the relationship between LS and nutritional intake
and identify the nutrients and dietary habits that influence LS.

2. Materials and Methods
2.1. Study Participants

The individuals surveyed were volunteers who underwent a municipal-supported
health checkup in Yakumo in 2016 and 2017. Data from 2016 were used for those who
participated in two consecutive years (2016 and 2017). Yakumo has a population of ap-
proximately 17,000, of whom 28% are >65 years old. More people in this town engage in
agriculture and fishing than those in urban areas. Yakumo has conducted annual health
checkups since 1982. Physical examinations included voluntary orthopedic and physical
function tests and internal examinations. Psychological examinations and a health-related
QOL survey (SE-36) were also conducted [16]. This study included all participants who
completed an assessment of the LS risk stage, bioelectrical impedance analysis (BIA), fasting
blood samples, and nutritional intake status. The exclusion criteria were as follows: history
of spine or joint surgery, severe knee injury, severe hip osteoarthritis, history of hip or spine
fractures, neuropathy, severe mental illness, diabetes that was diagnosed and treated by a
physician, kidney or heart disease, nonfasting, severe impairment of walking or standing,
and impairment of the central or peripheral nervous system.

Of the 758 participants who underwent health checks, 368 (154 men; 214 women) met
the inclusion criteria. The research protocol was approved by the Human Research Ethics
Committee and the university’s institutional review board (No. 2014-0207). All participants
provided written informed consent before participation. The research procedure was
conducted in accordance with the principles of the Declaration of Helsinki.

2.2. Examination of Motor Function

Grip strength in the standing position was measured once in each hand using a
handgrip dynamometer (Toei Light Co., Ltd., Saitama, Japan). The mean value was used
for analysis [17]. Participants walked a 10 m straight course once at their fastest pace, and
the time taken to complete the course was recorded as the 10 m walking time [18].

2.3. LS Stage Tests

The JOA proposes three tests to assess the risk of LS by evaluating the degree of motor
function: the two-step test, stand-up test, and 25-question Geriatric Locomotive Function
Scale (GLFS-25) [2]. LS is classified into stages 1 and 2. These stages are defined as follows:
stage 1 indicates that motor function is beginning to decline and stage 2 indicates that
motor function is progressing toward decline. Three tests were conducted according to the
JOA guidelines [2].

The standing test assessed the ability to stand on one or both feet from stools of 40, 30,
20, and 10 cm height. The difficulty rating from easy to difficult was based on standing on
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both legs from stools of 40, 30, 20, and 10 cm, followed by standing on one leg from stools
of 40, 30, 20, and 10 cm. The test results were expressed as the minimum height of the stool
that the participant could stand on.

In the two-step test, the physical therapist measured the length of two steps from the
starting line to the tip of the toes. The score was calculated by normalizing the maximum
length of the two steps by the height.

The GLFS-25 is a comprehensive self-report survey that refers to the previous month [19].
The method consists of four questions on pain, 16 questions on activities of daily living
(ADL), three questions on social functioning, and two questions on mental status. Each
item was rated from no disability (0 points) to severe disability (4 points).

LS0, 1, and 2 were defined as follows:

LSO

The participant was categorized as Stage 0 if all of the three following conditions
were met:

1. Stand-up test, ability in one-leg standing from a 40 cm-high seat (both legs).
2. Two-step test, >1.3.
3. 25-question GLFS score, <7.

LS1
The participant was categorized as Stage 1 if any of the three following conditions
were met:

1. Stand-up test, difficulty in one-leg standing from a 40 cm-high seat (either leg).
2. Two-step test, <1.3.
3. 25-question GLFS score, >7.

LS2
The participant was categorized as Stage 2 if any of the three following conditions
were met:

1. Stand-up test, difficulty in standing from a 20 cm-high seat using both legs.
2. Two-step test, <1.1.
3. 25-question GLFS score, >16 [20].

We divided the participants into two groups: the normal (N) group (LS 0) and the
locomotive syndrome (L) group (LS1,2).

2.4. Bioelectrical Impedance Analysis (BIA)

BIA was used to analyze the participants” body composition. The participants un-
derwent the BIA on an empty stomach. The conditions of BIA measurement, such as
consumption of food and beverages, were similar to those reported earlier [21]. Anthropo-
metric data, including height, weight, body mass index (BMI), body fat percentage (BFP),
and appendicular skeletal muscle mass index (SMI), were measured using the BIA. The
Inbody 770 BIA device (Inbody Co., Ltd., Seoul, Korea), which can differentiate between
tissues (such as fat, muscle, and bone) based on their electrical impedance, was used for
the participants’ body composition [16]. The accuracy of this device has been reported
previously [22]. Participants grasped the handles of the analyzer, which have embedded
electrodes, and stood on the platform with the soles of their feet in contact with the elec-
trodes. There were two electrodes for each foot and hand. The BMI was calculated using
the following formula: weight (kg)/height? (m?). The muscle mass of each limb was auto-
matically calculated by BIA using the Inbody 770 BIA device. The SMI was calculated using
the following formula: SMI = appendicular skeletal muscle mass (kg)/height? (m?) [23].

2.5. Blood Sample Assessment

At the checkup, fasting blood samples were collected by venipuncture and centrifuged
within 1 h of collection. Serum samples were stored at —80 °C until measurements were
taken. Routine biochemical analysis was performed in the laboratory of Yakumo Town
Hospital [24]. The following items were investigated; white blood cell, hemoglobin, platelet,
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HbAlc, total protein, serum albumin, alkaline phosphatase (ALP), aspartate transaminase
(AST), alanine aminotransferase (ALT), y-glutamyltranspeptidase, total cholesterol, triglyc-
eride, high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol
(LDL-C), blood urea nitrogen, creatinine, uric acid, calcium, C-reactive protein.

2.6. Lifestyle Habits

Trained nurses administered a questionnaire on health and daily lifestyle habits,
including smoking (current smoker, ex-smoker, or nonsmoker), alcohol consumption
(regular drinkers, ex-drinkers, or nondrinkers), nutritional intake status, menopausal status
(yes or no), and history of major illness. Anthropometric indices (height and weight) and
blood pressure were measured during the health examination. Body mass index (BMI) was
calculated as body weight (kg) divided by height (m) squared.

Hypertension was defined as systolic blood pressure of 140 mmHg or higher or dias-
tolic blood pressure of 90 mmHg or higher (based on the Japanese Society of Hypertension
guidelines) [25] or the use of antihypertensive medications. Diabetes mellitus was de-
fined as a fasting blood glucose level of 126 mg/dL or higher or a glycated hemoglobin
(HbAlc) level of 6.5% or higher or use of antidiabetic drugs. The Japanese Diabetes Soci-
ety (JDS) HbAlc value (%) was converted to the equivalent National Glycohemoglobin
Standardization Program (NGSP) value (%) using the formula HbAlc (NGSP) = HbAlc
(JDS) + 0.4% [26]. Dyslipidemia was defined as a triglyceride level of >150 mg/dL, high-
density lipoprotein cholesterol (HDL-C) level of < 40 mg/dL, or a low-density lipoprotein
cholesterol (LDL-C) level of >140 mg/dL (based on the Japan Atherosclerosis Society
guidelines) [27], or use of antidyslipidemic drugs.

2.7. Nutritional Intake Status

Dietary information was obtained using a validated food frequency questionnaire
(FFQ), which asked about the intake of 188 food and beverage items, excluding supplements.
Food and beverage items were grouped into nine categories ranging in frequency from
“rarely” to “7 or more times a day” (or “10 or more drinks a day” for beverages). The
question asked about usual consumption of the listed foods over the past year. The food list
was initially developed from the 1989-1991 weighed food record according to contribution
rates based on absolute values of energy and intake of 14 target nutrients, and was used in
a prospective Japan Health Center-based study 8-12 [28] modified for middle-aged and
older residents in a wide range of regions in Japan. In doing so, we took into account
17 additional nutrients, such as dietary fiber and folate, changes in foods contributing to
the absolute nutrient intake due to updates to the Standard Tables of Food Composition
in Japan [29], and regional and generational changes in diet in the current cohort. Energy
and nutrient intakes were calculated by summing the product of the frequency of eating,
portion size, energy, and nutrient content of each food item, referring to the Fifth Revised
and Expanded Standard Tables of Food Composition in Japan [30]. Nutrients included
protein, fat, carbohydrate, minerals (sodium, potassium, calcium, and iron), vitamins
(carotene, Vitamins A, D, E, By, B, folate, and C), and total dietary fiber (TDF) (soluble DF
and insoluble DF). Fat was divided into saturated fatty acids, monounsaturated fatty acids
(MUFA), n-6 and n-3 polyunsaturated fatty acids (PUFAs), and n-3 highly unsaturated fatty
acids (n-3 HUFAs, including eicosapentaenoic acid (20:5), docosapentaenoic acid (22:5),
docosahexaenoic acid (22:6)), and cholesterol [31].

2.8. Statistical Analyses

We divided all participants into adults (< 65 years old) and older adults (> 65 years old).
Continuous variables were expressed as mean =+ standard deviation (SD). We compared
continuous variables of the L group to those of the N group using the Student’s ¢-test
and categorical variables using the chi-square test. These analyses were conducted for
total adult and older adult, respectively. Statistical significance was set at p < 0.05. All the
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parameters listed in the supplement tables were examined. In addition, the table shows the
parameters that showed significant differences and their related parameters.

Logistic regression analysis was performed on each adult and older adult to evaluate
the important risk factors in the L group. In the logistic regression analyses, we defined
that the dependent variable was the group and that the covariables were the parameters
that showed significant differences in the Student t-test and the chi-square test comparing
the L Group and N Group. All statistical analyses were performed using SPSS Statistics
v.28.0 software for Mac (IBM Corp., Armonk, NY, USA). Statistical significance was set at
p <0.05.

3. Results

Participant characteristics are shown in Table 1 and Supplemental Table S1. There
were 154 men and 214 women, with an average age of 63.8 &= 10.5 years. There were
156 (76 male; 80 female) and 212 (78 male; 134 female) participants in the N and L groups,
respectively.

3.1. Adult Participants

The average age of the adult group was 54.3 & 7.3 years. In total, 71 (28 male; 43 female)
and 92 (24 male; 68 female) participants were included in the N and L groups, respectively
(Table 2, Supplemental Table S2). The body fat percentage (BFP) was significantly higher
and the grip strength and gait speed were significantly lower in the L than in the N group
(BFP; N: 28.2 + 5.1, L: 31.0 £ 6.8, p = 0.005, grip strength; N: 29.6 & 9.8, L: 25.1 & 8.7,
p =0.002, gait speed; N: 2.4 0.3, L: 2.3 4 0.5, p = 0.04).

Analyses of the laboratory data and nutrient intakes indicated that LDL-C was sig-
nificantly lower and Vitamin B; was significantly higher in the L than in the N group
(LDL-C; N: 132.1 32,4, L: 121.8 & 28.5, p = 0.033, Vitamin By; N: 0.66 £ 0.07, L: 0.69 £ 0.09,
p = 0.029). There were no significant between-group differences in the other laboratory data,
nutrient intake, SMI, or history of metabolic diseases (Table 2, Supplemental Table S2).

As significant differences were observed among several factors, they were examined
as covariates for risk factors of the L group in the logistic regression analysis. BFP and
LDL-C were risk factors (BEP; exp (B) 1.068, 95% CI: 1.003-1.127, p = 0.038, LDL-C; exp (B)
0.988, 95% CI: 0.977-1, p = 0.042) (Table 3).

3.2. Older Adult Participants

The average age of older adult participants was 71.3 &= 5.3 years. The N and L groups
contained 85 (48 male: 37 female) and 120 (54 male: 66 female) participants, respectively
(Table 4, Supplemental Table S3). The average age of participants was significantly higher in
the L than in the N group (N: 70.2 £ 4.7; L: 72.2 & 5.6, p = 0.008). The BFP was significantly
higher and the grip strength was significantly lower in the L than in the N group (BFP; N:
26.7 £6.3,L:29.7 £ 6.9, p = 0.002, grip strength; N: 29.0 £ 8.0, L: 25.1 + 8.0, p = 0.001).

Analyses of laboratory data indicated that Hb, albumin, and calcium levels were
significantly lower in the L than in the N group (Hb: 13.8 = 1.0, L: 13.4 £ 1.1, p = 0.036,
albumin; N: 4.4 + 0.2, L: 4.3 + 0.2, p = 0.030, calcium; N: 9.2 + 0.3, L: 9.1 + 0.3, p = 0.025).
Regarding nutrient intake, sodium, MUFA, and n-6 PUFA were significantly higher in the
L than in the N group (sodium: N: 1961.1 4 586.7, L: 2183.1 4 789.0, p = 0.029; MUFA: N:
15.8 + 3.8, L: 17.2 + 5.4, p = 0.047, n-6 PUFA; N: 10,898.3 + 2808.4, L: 12,149.4 + 4807 4,
p = 0.0233). The prevalence of hypertension was higher in the L group than in the N group
(N: 42.3%, L: 60.8%, p = 0.007). There were no significant between-group differences in gait
speed, SMI, other laboratory data, nutrient intake, or history of metabolic diseases between
the N and L groups (Table 4).

Factors for which significant between-group differences were observed were examined
as covariates for the risk factors of the L group in the logistic regression analysis. BFP,
sodium, and hypertension were risk factors (exp (B) 1.073, 95% CI: 1.017-1.132, p = 0.011,
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sodium; exp (B) 1.001, 95% CI: 1-1.001, p = 0.032, hypertension; exp (B) 2.288, 95% CI:
1.186-4.412, p = 0.014) (Table 5).

Table 1. The comparison of each parameter between nonolder adult and older adult participants.

All (n = 368) Adult (1 = 163) Older Adult (n = 205) 4

Male/Female 154/214 52/111 102/103 0.001 *

Age (yrs) 63.8 £10.5 543 £73 713 £53 <0.001 *

Height (cm) 158.1 £ 8.1 1594+ 7.8 157 £8.2 0.006 *

Weight (kg) 59.2 +11.5 59.6 + 12.3 58.9 +10.8 0.553

BMI (kg/mz) 23.5+35 23.3 £ 3.6 23.7 £34 0.231

BFP (%) 29.1 £6.6 298 £6.3 285+ 6.8 0.057

SMI (kg/mz) 6.70 £1.03 6.65 + 1.07 6.73 £+ 1.00 0.477

Grip strength (kg) 269 £ 8.8 271+94 26.7 £ 8.2 0.730

N/L 156/212 71/92 85/120 0.383

Hypertension (y/n) 140/228 31/132 109/96 <0.001 *

Diabetes (y/n) 24/344 3/160 21/184 0.001 *

Hypertension (y/n) 140/228 31/132 109/96 <0.001 *

Laboratory data

Hemoglobin (g/dL) 135+12 134+13 13.6£1.1 0.175

Serum Albumin (g/dL) 44402 44+02 43+£02 0.183

Total-cholesterol (mg/dL) 207.2 £33.2 212.6 £31.8 2029 £ 33.7 0.005 *

Triglyceride (mg/dL) 111.2 £ 69.5 103.7 £59.9 1171 £758 0.067

HDL-C (mg/dL) 61.5 £ 149 629 £ 145 60.4 £15.1 0.103

LDL-C (mg/dL) 120.5 £ 30.7 126.3 + 30.6 115.8 £ 30 0.001 *

Calcium (mg/dL) 92+£03 92+£03 92£03 0.726

Nutritional intake

Energy (kcal/day) 1644.1 £ 389.5 1591.1 £ 351.2 1686.3 £ 413.4 0.020 *

Protein (g/day) 53.3 £13.7 51.5£10.8 54.8 £15.6 0.022*

Fat (g/day) 44.6 +£13.5 429 +£12.2 46 +14.3 0.031*

Carbohydrate (g/day) 229.1 £69.5 221.1 £67.6 235.4 £70.6 0.050

Sodium (mg/day) 1972.3 £+ 689.4 1822.9 + 620.8 2091.1 £+ 719 <0.001 *

Calcium (mg/day) 5439 +191.6 502.7 £ 150.7 576.7 £213.5 <0.001 *

SFA (g/day) 11.6 29 11.1+24 119 +3.2 0.011 *

MUFAd (g/day) 164 +4.8 16.1 +4.8 16.6 = 4.8 0.293

PUFA (g/day) 132 +45 125+ 4.0 13.8 4.9 0.009 *

Cholesterol (mg/day) 241.6 £79.1 2389 £78.4 243.7 £79.8 0.560

n-3 PUFA (g/day) 2299.2 £ 750.9 2195 + 764.7 2382 + 731 0.017 *

n-6 PUFA (g/day) 11,206.8 + 3901.2 10,673.7 + 3523.9 11,630.7 + 4136.5 0.019 *

Energy from alcohol (kcal/day)  47.2 £96.7 49 +101.5 457 £92.9 0.742

n-3 HUFA (g/day) 754.6 + 403.1 682.2 £+ 344.5 812.1 £+ 436.5 0.002 *
Values are expressed as means + standard deviations; BMI: body mass index, BFP: body fat percentage, SMI:
skeletal muscle mass index, y/n: yes/no; SMI: skeletal muscle mass index, N/L: normal group/locomotive
syndrome group, y/n: yes/no; HDL-C: high-density lipoprotein cholesterol, LDL-C: low-density lipoprotein
cholesterol; SFA: saturated fatty acid, MUFA: monounsaturated fatty acid, PUFA: polyunsaturated fatty acid,
HUFA: highly unsaturated fatty acid. All analyses are comparisons between adults and older adults. The
comparison of male/female was conducted by a chi-square test, and the comparisons of the others were conducted
by a Student -test. *: p < 0.05.
Table 2. The comparison of each parameter between the N and L groups in adult participants.

Adult (n = 163) N (n="71) L(n=92) 4

Male/Female 52/111 28/43 24/68 0.090

Age (yrs) 543 +£73 532 +£38 55.1 £ 6.7 0.094

BMI (kg/mz) 233 £3.6 228 £33 23.7 £3.8 0.164

BFP (%) 29.8 £6.3 282 +5.1 31.0 + 6.8 0.005 *

SMI (kg/mz) 6.65 £1.07 6.72 £1.04 6.60 £ 1.09 0.489

Grip strength (kg) 271+94 29.6 +£ 9.8 251 +£87 0.002 *
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Table 2. Cont.

Adult (n = 163) N@n=71) L(n=92) 4
Hypertension (y/n) 31/132 9/62 22/70 0.075
Diabetes (y/n) 3/160 3/68 0/92 0.081
Hyperlipidemia (y/n) 27/136 11/60 16/76 0.833
Laboratory data
Hemoglobin (g/dL) 134+£13 135+ 1.5 13.3+1.1 0.268
Serum Albumin (g/dL) 44+02 44+02 44+02 0.139
Total-cholesterol (mg/dL) 212.6 +£31.8 216.2 +36.9 209.8 +27.2 0.205
Triglyceride (mg/dL) 103.7 £ 59.9 104.6 + 69.8 103.1 £51.5 0.879
HDL-C (mg/dL) 62.9 4+ 14.5 61.8 +14.7 63.8+14.4 0.397
LDL-C (mg/dL) 126.3 + 30.6 132.1 £ 324 121.8 £ 285 0.033
Calcium (mg/dL) 92+0.3 92403 92+0.3 0.962
Nutritional intake
energy (kcal/day) 1591.1 + 351.2 1617.7 £ 360.7 1570.6 + 344.4 0.397
protein (g/day) 51.54+10.8 51.3+9 51.7 + 12 0.808
fat (g/day) 429+ 122 42.0+£9.2 43.6 +14.1 0.408
carbohydrate (g/day) 221.1 £ 67.6 228 +£71.9 215.7 + 63.9 0.251
Sodium (mg/day) 18229 + 620.8 1879.4 £ 612.3 1779.3 £ 627.2 0.309
Calcium (mg/day) 502.7 + 150.7 507.8 4+ 152.7 498.8 + 149.8 0.708
SFA (g/day) 11.1+24 112 +26 11.1+22 0.903
MUFAd (g/day) 16.1 £4.8 155+ 33 16.5+5.7 0.170
PUFA (g/day) 125+4 123 £29 12.7 £ 4.6 0.571
Cholesterol (mg/day) 2389 + 78.4 222.6 +50.9 2514 +£92.7 0.020 *
n-3 PUFA (g/day) 2195 + 764.7 2100.3 + 481.5 2268 +922.2 0.166
n-6 PUFA (g/day) 10,673.7 4+ 3523.9 10,579.5 + 2506.8 10,746.4 + 4154.5 0.765
Energy from alcohol (kcal/day)  49.0 £ 101.5 392 £67.3 56.6 £121.4 0.280
n-3 HUFA (g/day) 682.2 £ 344.5 640 + 274.9 714.8 + 388.1 0.170

Values are expressed as means + standard deviations. BMI: body mass index, BFP: body fat percentage, SMI:
skeletal muscle mass index, y/n: yes/no, HDL-C: high-density lipoprotein cholesterol, LDL-C: low-density
lipoprotein cholesterol, SFA: saturated fatty acid, MUFA: monounsaturated fatty acid, PUFA: polyunsaturated
fatty acid, HUFA: highly unsaturated fatty acid. All analyses are comparisons between the N and L group. The
comparisons of male/female, hypertension, diabetes, and hyperlipidemia were conducted by a chi-square test,
and the comparison of the others were conducted by a Student t-test. *: p < 0.05. There were significant differences
in BFP, grip strength, gait speed, LDL-C, and Vitamin By between the N and L groups.

Table 3. Logistic regression analysis for risk factors of the locomotive syndrome (L group) in adult
participants.

B SE Wald df p Exp(B) 95% CI
BFP 0.061 0.030 4.287 1 0.038* 1.063 1.003-1.127
Grip strength —0.036 0.019 3.624 1 0.057 0.964 0.929-1.001
Gait speed —0.686 0377 3308 1 0.069 0.504 0.240-1.055
LDL-C —0.012 0.006 4128 1 0.042* 0.988 0.977-1.000
Vitamin B1 3.799 2140 3.150 1 0.076 44.639 0.673-2961.192

BFP: body fat percentage, LDL-C: low-density lipoprotein cholesterol. *: p < 0.05. Covariates: BFP, grip strength,
gait speed, LDL-C, Vitamin By. There were significant differences in BFP and LDL-C.

Table 4. The comparison of each parameter between the N and L groups in older adult participants.

Older Adult (n = 205) N (n = 85) L (n =120) 4
male/female 102/103 48/37 54/66 0.120
Age (yrs) 713 +53 70.2 +4.7 722+ 5.6 0.008 *
BMI (kg/mz) 23.7 £ 34 232+ 34 241+33 0.061
BFP (%) 28.5+ 6.8 26.7 £ 6.3 29.7 £ 69 0.002 *
SMI (kg/m?) 6.73 + 1.00 6.86 + 1.06 6.64 + 0.95 0.140
grip strength (kg) 26.7 + 8.2 29.0 + 8.0 251480 0.001 *
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Table 4. Cont.

Older Adult (n=205) N (1 =85) L (n = 120) 4
Hypertension (y/n) 109/96 36/49 73/47 0.007 *
Diabetes (y/n) 21/184 6/79 15/105 0.157
Hyperlipidemia (y/n) 81/124 36/49 45/75 0.305
Laboratory data
Hemoglobin (g/dL) 13.6 +1.1 13.8 £ 1.0 134+ 1.1 0.036 *
Serum Albumin (g/dL) 43+£02 44402 43+02 0.030 *
Total-cholesterol (mg/dL) 2029 £33.7 205.3 £35 201.2 +32.8 0.399
Triglyceride (mg/dL) 117.1 £ 75.8 112.6 £59.9 120.3 £ 85.4 0.479
HDL-C (mg/dL) 60.4 +15.1 61.1 +15.3 59.8 + 15.0 0.55
LDL-C (mg/dL) 115.8 + 30 118.4 +28.2 114 + 31.3 0.305
Calcium (mg/dL) 92+03 92+0.3 91+0.3 0.025 *
Nutritional intake
energy (kcal/day) 1686.3 + 413.4 1638.8 + 348.7 1719.9 + 452 0.167
protein (g/day) 54.8 +15.6 529 +11.6 56.2 +17.8 0.132
fat (g/day) 46 +14.3 44 +121 474 +15.6 0.090
carbohydrate (g/day) 235.4 +70.6 22724+ 62 2412 +75.8 0.162
Sodium (mg/day) 2091.1 + 719 1961.1 + 586.7 2183.1 + 789 0.029 *
Calcium (mg/day) 576.7 +213.5 565.9 4+ 182.2 584.4 + 233.7 0.543
SFA (g/day) 119+ 3.2 11.8 £ 3.1 12.0 £ 3.3 0.720
MUFAd (g/day) 16.6 + 4.8 15.8 3.8 172+ 54 0.047 *
PUFA (g/day) 13.8 4.9 13.0 £ 3.3 143 +£5.7 0.063
Cholesterol (mg/day) 243.7 +79.8 2344 4+ 64.3 250.3 + 88.9 0.161
n-3 PUFA (g/day) 2382 + 731 2271.3 £ 518.1 2460.4 + 843.6 0.068
n-6 PUFA (g/day) 11,630.7 £ 4136.5 10,898.3 + 2808.4 12,149.4 + 4807 .4 0.033 *
Energy from alcohol (kcal/day)  45.7 £92.9 519 £87.2 41.3 £96.9 0.426
n-3 HUFA (g/day) 812.1 +436.5 781 + 274.1 834.1 &+ 522 0.393

Values are expressed as means + standard deviations. BMI: body mass index, BFP: body fat percentage,
SMI: skeletal muscle mass index, y/n: yes/no, HDL-C: high-density lipoprotein cholesterol, LDL-C: low-density
lipoprotein cholesterol, SFA: saturated fatty acid, MUFA: monounsaturated fatty acid, PUFA: polyunsaturated
fatty acid, HUFA: highly unsaturated fatty acid. All analyses are comparisons between N and L group. The
comparisons of male/female, hypertension, diabetes, and hyperlipidemia were conducted by a chi-square test,
and the others were conducted by a Student t-test. *: p < 0.05. There were significant differences in age, BFP,
grip strength, hemoglobin, albumin, calcium, sodium, MUFA, n-6 PUFA, and hypertension between the N and
L groups.

Table 5. Logistic regression analysis for risk factors of the locomotive syndrome (L group) in older
adult participants.

SE Wald df P Exp(B) 95% CI
Age (yrs) 0.057 0.035 2.633 1 0.105 1.059 0.988-1.135
BFP (%) 0.070 0.027 6.534 1 0.011* 1.073 1.017-1.132
Grip strength (kg) —0.036 0.023 2.514 1 0.113 0.964 0.922-1.009
Hb (g/dL) —0.008 0.161 0.003 1 0.959 0.992 0.724-1.359
Albumin (g/dL) —0.622 0.807 0.594 1 0.441 0.537 0.111-2.610
Calcium (mg/dL) -1.115 0.594 3.525 1 0.060 0.328 0.102-1.050
Sodium (mg/day) 0.001 0.000 4.625 1 0.032 * 1.001 1.000-1.001
MUFA (g/day) 0.050 0.075 0.445 1 0.505 1.051 0.908-1.218
n-6 PUFA (g/day) 0.000 0.000 0.277 1 0.598 1.000 1.000-1.000
Hypertension 0.828 0.335 6.100 1 0.014 * 2.288 1.186—4.412

BFP: body fat percentage, MUFA: monounsaturated fatty acid, PUFA: polyunsaturated fatty acid, *: p < 0.05.
Covariates: age, BFP, grip strength, hemoglobin, albumin, calcium, sodium, MUFA, n-6 PUFA, and hypertension.
There were significant differences in BFP, sodium, and hypertension.

4. Discussion

There have been several reports on the relationship between motor function and
muscle and nutrition [10,11]. However, to our knowledge, no study has directly examined
the relationship between nutritional intake status and LS. In this study, salt, MUFA, and
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n-6 PUFA intakes were significantly higher in group L among older adults. Multivariate
analysis indicated that higher salt intake was particularly associated with LS.

In an aging society, the rate of LS is increasing, and the number of people who have
difficulty leading independent daily lives is increasing [4]. Therefore, preventing LS plays a
vital role in preventing the need for nursing care. In this study, a significant decrease in grip
strength was observed in the L group in both adults and older adults. This suggests that a
decline in muscle strength accompanies the functional decline in LS and that the influence
of muscle strength on LS is significant and closely related to sarcopenia. Exercise and
nutrition are important factors in preventing sarcopenia [32] and are thought to be equally
important in influencing LS. Exercise therapy has been advocated for LS prevention [9].
However, there have been no detailed studies on the effects of nutrition on LS. Thus, there
is no specific diet therapy for LS prevention.

BFP and LDL-C levels were lower in group L among adults, according to the mul-
tivariate analysis. Higher body fat may reflect lower physical activity, such as lack of
exercise, in group L. High LDL cholesterol is associated with a higher percentage of fat
than muscle [33]. However, in this study, LDL-C levels of both groups were within the
normal range, so the difference was not clinically significant.

Vitamin B; intake was lower in group L among adults, according to the univariate
analysis. Vitamin B is active in glucose metabolism, and its deficiency can lead to poor
conversion of sugar to energy and increased fatigue [34]. In this study, the intake of Vitamin
By was higher in group L, but both groups had deficient Vitamin B intake compared to the
daily recommended amount [35], and the difference in intake was small and not significant
for LS.

Among older adults, group L had higher salt intake and hypertension, according to the
multivariate analysis. Excessive salt intake is one of the causes of various diseases, such as
hypertension [36,37], where sodium in the skeletal muscle accumulates more in older than
in younger people, and patients with refractory hypertension have increased tissue sodium
(Na™) content compared to normotensive controls [38]. Moreover, the sodium-potassium-
chloride symporter 1 (NKCC1) is highly expressed in mammalian skeletal muscles. The
physiological function of NKCC1 in myogenesis remains unclear. However, NKCC1 protein
levels increase skeletal myoblast differentiation, and NKCC1 inhibitors markedly suppress
skeletal myoblast differentiation [39]. It has also been reported that excess sodium leads
to downregulation of NKCC expression [40]. Further, the risk of sarcopenia, which is
associated with decreased muscle mass and strength, is related to the amount of salt intake
because Na* is stored in tissues, and NKCC1 is involved in muscle hypertrophy and
suppression [41]. Here, salt intake was higher in the L group.

Regarding hypertension and muscle, hypertension reduces muscle blood flow [42] and
correlates with low muscle mass [43]. Arterial stiffness and age-related hormonal decline
are risk factors for hypertension and muscle loss [44]. Similar to these observations, this
study also detected an association between hypertension and LS. Thus, higher salt intake
and hypertension were associated with muscle metabolism and sarcopenia, which may
be associated with the locomotive syndrome. In this study, we found that the locomotive
syndrome group had weaker grip strength, which may be due to muscle weakness and
sarcopenia. Therefore, it can be said that factors related to muscle mass loss are closely
related to the locomotive syndrome.

In contrast, even after multivariate analysis of confounding factors involved in loco-
motive syndrome, including grip strength, higher salt intake was significantly associated
with locomotive syndrome. Higher salt intake may also be related to motor nerves, sensory
nerves that control balance, and other factors, in addition to its effect on muscle mass.
There are many unclear points regarding the relationship between higher salt intake and
nonmuscle factors; thus, further basic research is needed in the future.

Among older adults, there were no significant differences except for salt intake and
hypertension in multivariate analysis. However, there were significant differences in MUFA
and PUFA intake, hemoglobin, serum albumin, and calcium in the univariate analysis.
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Although there was no significant multivariate difference between n-6 and n-3 PUFA levels
and locomotive syndrome, there may be a small relationship with locomotive function. In
recent years, several studies have reported that n-6 and n-3 PUFAs have opposite effects on
insulin resistance (IR) and body homeostasis [45]. It is postulated that n-3 PUFAs attenuate
the development of IR by reducing inflammation, whereas n-6 PUFAs promote IR [46].
More recent evidence indicates that n-6 PUFAs play a key role in the inflammatory process
and are associated with various metabolic diseases [47]. Therefore, it seems reasonable
to control the dietary ratios of n-6/n-3 PUFAs to ameliorate obesity-related IR, which is
beneficial for protection against chronic and metabolic diseases. A study of rats fed a high-
fat diet demonstrated that the accumulation of fatty acids in various lipid fractions increased
in the gastrocnemius red muscle when there was a shift in the n-6/n-3 PUFA balance in
favor of n-6 PUFAs. The increases in n-6 PUFAs are associated with fat accumulation in
muscle [48]. A high percentage of n-6 PUFAs was also associated with LS in this study.

This study had several limitations. First, the participants were middle-aged and
older adults who lived in a relatively rural area and were employed in agriculture or
fishing. Thus, the differences in lifestyles between these participants and people in an
urban environment may limit the generalizability of our results. Second, the participants
attended annual health examinations, suggesting that they may be more health-conscious
than other people. Third, this was a cross-sectional, single-center study. In the future,
longitudinal and multicenter collaborative research is needed to verify our findings. Fourth,
BIA is not the gold standard assessment for body composition (the 4-compartment model
or DXA are better).

5. Conclusions

In conclusion, this study examined the relationship between LS and nutrition. Salt
intake and hypertension were associated with locomotive syndrome. Thus, we suggest
that limiting salt intake may effectively prevent LS.
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Abstract: Full-endoscopic lumbar discectomy (FED) is one of the least invasive procedures for
lumbar disc herniation. Patients who receive FED for lumbar disc herniation may develop recurrent
herniation at a frequency similar to conventional procedures. Reoperation and risk factors of recurrent
lumbar disc herniation were investigated among 909 patients who received FED using an interlaminar
approach (FED-IL). Sixty-five of the 909 patients received reoperation for recurrent herniation. Disc
height, smoking, diabetes mellitus (DM), subligamentous extrusion (SE) type, and Modic change
were identified as the risk factors for recurrence. Other indicators such as LL, Cobb angle, disc
migration, age, sex, and body mass index (BMI) did not reach significance. Among 65 patients,
reoperation was performed within 14 days following FED-IL (very early) in 7 patients, from 15 days
to 3 months (early) in 14 patients, from 3 months to 1 year (midterm) in 17 patients, and after more
than 1 year (late) in 27 patients. The very early group included a greater number of males, and the
mean age was significantly lower in comparison to other groups. All patients in the very early group
received FED-IL for reoperation. Reoperation within 2 weeks allows FED-IL to be performed without
adhesion. Fusion surgery was performed on three cases in the early and midterm groups and on
10 cases in the late group, which increased over time as degenerative change and adhesion progressed.
The procedure selected to treat recurrent herniation mostly depends on the surgeon’s preference.
Revision FED-IL is the first choice for recurrent herniation in terms of minimizing surgical burden,
whereas fusion surgery offers the advantage that discectomy can be performed through unscarred
tissues. FED-IL is recommended for recurrent herniation within 2 weeks before adhesion progresses.

Keywords: full-endoscopic lumbar discectomy; recurrent herniation; early recurrence

1. Introduction

Patients with lumbar disc herniation experience acute leg pain and disturbance in
activities of daily living. Conservative management, in the form of medication and rest, is
generally the first choice for this pathology. However, patients with intolerable pain for
whom conservative treatment fails or who develop paralysis of limb muscles are considered
for earlier surgical intervention. Patients who desire to return to work earlier are also
candidates for discectomy. Moreover, patients who have received surgery for lumbar disc
herniation show greater improvement in function and satisfaction regarding treatment than
non-surgically managed patients [1], so discectomy can be recommended. Several surgical
options are available for lumbar disc herniation, including open microdiscectomy [2],
microendoscopic discectomy [3], and full-endoscopic lumbar discectomy (FED) [4-7].
Among these, FED is the most minimally invasive surgery as the cannula only has a
diameter of 8 mm, and posterior structures are preserved [5]. The minimal trauma of
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FED results in a shorter operation time and hospital stay [2,8]. FED is a new technique
of which the frequency and risk factors of recurrent herniation following FED remain
to be elucidated. With developments in instruments and techniques, patients who have
undergone FED for lumbar disc herniation may still develop recurrent herniation at a
frequency similar to conventional discectomy [8]. Here, we retrospectively investigated
recurrent lumbar disc herniation after FED using an interlaminar approach (FED-IL). Risk
factors and surgical procedures for recurrent lumbar disc herniation that are dependent on
the postoperative period are also discussed.

2. Materials and Methods
2.1. Patient Population

A total of 909 patients (630 males, 279 females) who underwent FED for lumbar
disc herniation at Nippon Koukan Hospital and were followed-up for at least 1 year
after primary FED-IL were retrospectively reviewed. Mean age was 49.2 years (range,
12-90 years) and mean follow-up was 46.3 months (range, 12-90.1 months). Recurrence
of lumbar disc herniation was defined as relapsed disc herniation at the same disc level
and on the same side as the herniation treated by the initial FED, leading to reoperation.
According to these criteria, 65 patients were diagnosed with recurrent herniation (recurrent
group) and the other 844 patients were registered into the non-recurrent group (Table 1).
Patients with recurrent disc herniation were allocated to groups according to the interval
from primary FED to reoperation: very early (VE) group, up to 14 days post-FED; early
(E) group, 15 days to 3 months post-FED; midterm (M) group, 3 months to 1-year post-
FED; and long-term (L) group, more than 1-year post-FED (Table 2). The mean interval
from primary FED-IL to reoperation for the VE, E, M and L groups was 0.3, 1.3, 6.9, and
27.7 months, respectively (Table 2).

Table 1. Comparison between the recurrent and non-recurrent groups. Case number, disc height,
lumbar lordosis, PI-LL, Cobb angle, migration, type of herniation (SE: subligamentous extrusion, TE:
transligamentous extrusion, SQ: sequestration), Modic change, mean age, sex, mean BMI, smoking,
and diabetes mellitus (DM) are shown. The recurrent group had lower disc height, higher rate of
Modic change, smoking, and DM compared to the non-recurrent group. Moreover, the recurrent
group tended to have more SE-type herniation than the non-recurrent group (p = 0.076).

Groups Recurrent Non-Recurrent p Value
Cases (total 909) 65 844
Mean age (years) 50.3 48.4 0.42
Sex (Male:Female) 44:21 590:254 0.71
Mean BMI (kg/m?) 24 26 0.36
. + 31 288
Smoking B " 556 0.027
+ 13 84
DM -~ 50 760 0.011
Disc height 9.6 11.9 <0.01
Lumbar lordosis (LL) 32 34.5 0.16
Cobb angle 3.0 3.3 0.66
. . + 22 362
Migration N 43 482 0.15
SE 47 517
Type non-SE (TE or SQ) 18 327 0.076
. + 31 112
Modic _ 34 732 <0.01
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Table 2. Groups of recurrent lumbar disc herniation. Patients are sorted into 4 groups depending
on the interval from primary FED-IL (1st OP) to reoperation (2nd OP). Mean age, sex, mean BMI,
reoperation procedure, mean 1st OP time, mean post 1st OP hospitalization days, mean 2nd OP time,
and mean post 2nd OP hospitalization days are shown. * Mean age differs significantly between
L and VE groups (p < 0.05). ** Mean 2nd OP time was significantly shorter compared to the other
groups (p < 0.01). *** Mean post 2nd OP hospitalization days was significantly shorter compared to
the other groups (p < 0.01). OP = operation, FEDIL = full-endoscopic lumbar discectomy, interlaminar
approach, TF = transforaminal approach, MEL = microendoscopic lumbar discectomy, BMI = body

mass index.
Groups Very Early (VE) Early (E) Midterm (M) Long-Term (L)
Cases (total 65) 7 14 17 27
Period from 1st to 2nd OP 0-14 days 15 days-3 months 3 months-1 year >1 year
Mean period from 1st to 2nd OP 0.3 months 1.3 months 6.9 months 27.7 months
Mean age (years) 42.9 49.6 47.8 54.1*
Sex (Male:Female) 6:1 9:5 9:8 20:7
Mean BMI (kg/m?) 23.9 229 24.1 24.6
Reoperation procedure
(FEDIL/TF/MEL/Open/ Fusion) 7/0/0/0/0 9/2/0/1/3 12/2/0/0/3 15/1/1/0/10
Mean 1st OP time (min) 59.1 61.7 71.3 72.4
Mean post-1st OP hospitalization days 7.4 3.3 3.1 43
Mean 2nd OP time 26.4 ** 66.7 74.9 73.0
Mean post-2nd OP hospitalization days 4.0 *** 7.7 6.5 10.7

2.2. Surgical Procedures and Data Collection
2.2.1. Surgical Procedure for Primary FED-IL

In all cases, primary FED-IL was performed under general anesthesia with the patient
in a prone position. The entry point was marked on the symptomatic side about 1 cm lateral
from the midline and caudal to the affected disc level to best utilize the interlaminar window
(Figure 1la—d). After draping, a spinal needle was introduced under fluoroscopic guidance
from the marked point to the caudal part of the upper lamina (Figure 1e,f). A small skin
incision was made on the marked point, and the fascia was cut simultaneously (Figure 1g).
A pencil dilator was inserted into the caudal part of the upper lamina (Figure le), and
this was followed by a cannula and rigid endoscope (RIWOspine GmbH, Knittlingen,
Germany). Finally, the endoscope procedure was initiated.

Soft tissues were removed using a bipolar probe (Trigger-Flex Bipolar System;
Elliquence, New York, NY, USA) and forceps (Figure 2a) to expose the ligamentum flavum
of the interlaminar window (Figure 2b). Drilling of the inner edge of the lamina and facet
joint was performed when the interlaminar window was too narrow for cannula insertion.
The ligamentum flavum was cut with an angled cutter to reach the spinal canal (Figure 2b)
with additional resection to detect the lateral edge of the nerve root. The perineural mem-
brane was removed using micro-rongeurs to precisely identify the structures (Figure 2c,d).
The annulus fibrosus was opened by the dissector or bipolar probe (Figure 2e), and herni-
ated disc material was removed piece by piece (Figure 2f). Turning the cannula prevented
neural structures from causing damage during resecting herniated material (Figure 2g).
After the relaxation of the nerve structure was observed (Figure 2h), the endoscope was re-
moved, and a drainage tube was inserted through the cannula under fluoroscopic guidance.
Finally, the cannula was removed.
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Figure 1. Entry point was indicated by the metal rod: (a) frontal view; (b) lateral view; (c) direction
of endoscope on the skin; (d) through the interlaminar window. After draping, a spinal needle
was introduced under fluoroscopic guidance from the marked point to the caudal part of the upper
lamina: (e) anteroposterior view; (f) lateral view; (g) picture of the operative field. (h) Pencil dilator
was inserted and placed into the interlaminar window.

Figure 2. (a) Removal of soft tissues using Trigger-Flex Bipolar and forceps to expose the ligamentum
flavum of the interlaminar window. (b) The ligamentum flavum was cut with an angled cutter to
reach the spinal canal. (c) Perineural membrane was removed using micro-rongeurs. (d) Identification
of the lateral edge of the nerve using a dissector. (e) The annulus was opened using a dissector or
bipolar probe. (f) Resection of herniated disc material. (g) The cannula was turned to search for
residual herniation. (h) Loosening of nerve structure was confirmed. Scale bar of 1 mm is shown as
white bar.

2.2.2. Re-FED-IL for Very Early Recurrent Herniation

During re-FED-IL, the endoscope was inserted using the same skin incision made for
primary FED-IL. The hematoma (Figure 3a*) was removed, and relapsed herniated disc
material (Figure 3b**) was detected with no adhesions. Loosening of the nerve structure
marked the end of the procedure (Figure 3¢***).
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Figure 3. Endoscopic views of Re-FED-IL. (a) Hematoma (*) around the ligamentum flavum.
(b) Relapsed herniated disc material (**) appeared from the lateral edge of the nerve root.
There was no adhesion around herniation. (c) Loosening of nerve structure was confirmed.
FED-IL = full-endoscopic discectomy, interlaminar approach. Scale bar of 1 mm is shown as white bar.

2.2.3. Re-FED-IL for Early-to-Late Recurrent Herniation

Re-FED-IL for early-to-late recurrent herniation needs to deal with adhesion. Under
endoscopic and fluoroscopic guidance, drill descending facet or lamina to reach the bottom
of the spinal canal from the fresh part to avoid adhesion. Careful exposure of disc herniation
was indispensable, while the adhesive nerve root and dura matter remained untouched
to avoid damaging neural structures. Loosening of the structures marked the end of
the procedure.

2.2.4. Minimally Invasive Surgery (MIS) Posterior Lumbar Interbody Fusion (PLIF) for
Recurrent Herniation

MIS-PLIF was performed as described elsewhere [9]. In brief, recurrent herniation
removal and the insertion of interbody cages were performed 3-5 cm from the midline
incision. Resecting the lamina or facet joint and approaching from the fresh part helped to
avoid adhesion. After the midline incision closed, percutaneous pedicle screws (PPS)-rod
fixation was performed.

2.3. Evaluated Data

Age, sex, body mass index (BMI), smoking, diabetes mellitus (DM), disc height, lumbar
lordosis (LL), Cobb angle, migration, type of herniation (SE: subligamentous extrusion, TE:
transligamentous extrusion, SQ: sequestration), and Modic change were compared between
recurrent and non-recurrent groups. In addition, age, sex, BMI, reoperation procedure,
1st and 2nd operation time, and duration of postoperative hospitalization were compared
among the four subgroups of recurrence. Disc height was obtained from the average of the
anterior and posterior disc heights according to the Dabbs method [10]. Lumbar lordosis
was measured as the angle between the superior of L1 and S1 [11].

2.4. Clinical Assessment

Clinical outcomes in the four subgroups were assessed preoperatively 1 month after
reoperation and at the final follow-up using the Japanese Orthopedic Association (JOA)
score, Oswestry Disability Index (ODI), and Visual Analog Scale (VAS) for back and leg
pain. Medical records were searched for operative data and complications.

2.5. Ethics Approval and Consent to Participate

This study was conducted in accordance with the principles of the Declaration of
Helsinki for Clinical Research [12]. The trial protocol was approved by Nippon Koukan
Hospital Ethics Committee (No. 202115). Informed consent was obtained in the form of
opt-out on the website.
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2.6. Data Analysis

For numerical variables, means and standard deviations were calculated, and compar-
isons were made using a two-tailed Student t-test. Categorical variables were compared
using a x? test. A p value of <0.05 was defined as statistically significant, and two-sided
90% confidence intervals were calculated.

3. Results
3.1. Demographics and Clinical Characteristics

Among the 909 patients who had undergone FED-IL for lumbar disc herniation,
65 patients (7.2%) experienced recurrent lumbar disc herniation and required reoperation.
Mean age, BMI, and sex did not differ significantly between recurrent and non-recurrent
groups, whereas smoking and DM showed higher rates in the recurrent group (Table 1).

Sixty-five patients with reoperation were allocated: 7 to the VE group, 14 to the
E group, 17 to the M group, and 27 to the L group (Table 2). One patient in the L group
had re-recurrent herniation. No significant differences in sex or BMI were evident among
subgroups, but mean age was significantly lower in the VE group (42.9 years) in comparison
to the L group (54.1 years, p = 0.045) (Table 2). FED-IL was performed for all 7 cases in the
VE group, 9 of 14 cases in the E group, 12 of 17 cases in the M group, and 15 of 27 cases
in the L group, whereas fusion surgeries were performed on 0, 3, 3, and 10 cases, respec-
tively (Table 2). Operation time for primary FED-IL did not differ significantly between
subgroups, but operation time for re-FED-IL was significantly shorter in the VE group
(average 26.4 min) than in the other groups (E, 66.7 min; M, 74.9 min; L, 73.0 min; p < 0.01
each) (Table 2). Duration of postoperative hospitalization was similar among subgroups at
primary FED-IL but was significantly shorter in the VE group (4 days) in comparison to the
L group (10.7 days; p = 0.011) at re-FED-IL (Table 2). JOA score showed similar trends in
improvement among the four subgroups after secondary FED-IL (Figure 4a). VAS scores for
limb and lumbar pain were decreased at one month and final follow-up after the secondary
FED-IL (Figure 4b,c). ODI was improved at the 1-month and final follow-up (Figure 4d).

b. VAS of lumbar pain c. VAS of limb pain d. ODI

80 - 80 60
60 A 60

40
40 - 40

20
20 + 20

Pre OP PO 1M Final

T : 1 0 : = 0 : : '
PreOP PO 1M Final Pre OP PO 1M Final Pre OP PO 1M Final

*VE vs M: p = 0.042

Figure 4. (a) JOA score improved similarly among the four groups after secondary FED-IL. Con-
versely, the VE group had significantly higher JOA scores compared to M groups at the final follow-up
(* p = 0.042). (b) VAS of lumbar pain decreased similarly among the groups. (c) The VAS of limb pain
also decreased similarly. (d) ODI improved equally among the groups. JOA = Japanese Orthopedic
Association; ODI = Oswestry Disability Index; VAS = visual analog scale.

3.2. Radiological Characteristics

Recurrent group patients had lower disc height, a greater number of subligamentous
extrusion (SE) type herniation, and increased Modic change compared to the non-recurrent
population. However, LL, Cobb angle, and disc migration did not reach statistical signifi-
cance (Table 1).
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3.3. Case of Very Early Group

A 51-year-old woman underwent FED-IL using a standard procedure (Figure 2) for
left-sided L4/5 SE type lumbar disc herniation. Pain relief was obtained immediately
after surgery, and discharge was therefore scheduled for 2 days after. However, limb
pain reappeared while showering on postoperative day 2. Recurrent disc herniation was
confirmed by computed tomography after myelography. Re-FED-IL was performed 7 days
after the primary FED-IL (Figure 3). Operation time for this case was 12 min. Pain again
improved, and she was discharged 4 days after the reoperation.

4. Discussion

Lumbar disc herniation is one of the common pathologies encountered in routine
practice. Surgical intervention is usually indicated for unsuccessful conservative treatment.
Surgery for lumbar disc herniation offers several advantages over conservative treatment,
such as greater improvement of ADL [13,14] and rapid pain relief [15]. Moreover, advances
in surgical techniques and equipment over recent years have enabled endoscopic lumbar
discectomy, thereby reducing the burden of surgical invasiveness on the patient and
facilitating a rapid return to daily life and work [16].

FED has become even more popular since FED-IL was described by Ruetten [6] and
Choi [17] in 2006. Before the interlaminar approach was introduced, the transforaminal
approach (FED-TF) was the only option; but this method is technically demanding for
spinal surgeons who are unfamiliar with endoscopic spine surgery. Enlarged endoscopes
and high-speed drills enabled an interlaminar approach that is similar to conventional
open procedures. As the FED-IL is still relatively new, few long-term observational studies
of large populations have been reported [4,6,18]. Ruetten et al. [6] provided the first
description of full endoscopic resection of the herniated lumbar disc using an interlaminar
approach on 331 patients with 2 years of follow-up. In that study, 82% of patients no
longer reported leg pain after surgery, and recurrent herniation was observed in 2.7% [6].
Wasinpongwanich et al. retrospectively reviewed clinical outcomes from 545 patients for
over 4 years, finding 66 recurrences (12.11%) throughout follow-up, with 7.3% of patients
requiring a second operation, although the type of reoperations was not disclosed [18].
Xie reported on 479 patients with a mean follow-up of 44.3 months, with 9 cases (1.9%)
showing recurrent herniation. Four cases improved with conservative treatment and five
cases underwent reoperation (open surgery in three, FED-IL in two) [19]. In the present
study, we followed up on 909 cases for a mean of 46.3 months, with 65 patients (7.2%)
developing recurrent herniation. This was similar to previous reports with recurrence rates
of 1.9-10.3% [4,19-24]. As the follow-up for patients approaches 5 years after FED-IL, the
recurrence rate after FED-IL is likely to approximate the true recurrence rate.

Risk factors for recurrence after FED include old age and obesity [22,25]. Yao et al.
identified age > 50 years and BMI > 25 kg/m? as risk factors for recurrent herniation [25],
and Kim et al. reported a mean age of 47.4 years in the recurrent group, while a mean age
of 34.4 years was reported in the non-recurrent group [22]. Similarly, BMI was 24.9 kg/m?
in the recurrent group and 22.9 kg/m? in the non-recurrent group [22]. In the present study,
no difference was evident between recurrent and non-recurrent groups (Table 1). Many
previous reports have described similar findings [26,27], and the apparently discrepant
findings reported by Yao et al. may be explained by their use of FED-TF [22,25].

A significant correlation of smoking with the incidence of recurrent herniation has been
found by several authors [28]. Nicotine plays a role in the degeneration of the intervertebral
disc through narrowing the reduction in local blood flow followed by tissue hypoxia [29].
Moreover, nicotine, a small substance, can enter the intervertebral disc by diffusion and
exert toxic effects directly on the intervertebral disc that causes disc degeneration [29].
In the present study, the smoking rate in the recurrent group was significantly higher in
comparison to the non-recurrent group. Advanced disc degeneration by smoking may
have played a role in recurrent herniation and contributed to recurrent herniation. Whether
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smoking cessation may reduce the recurrence of herniation remains an interesting topic for
the future study.

The rate of DM patients in the recurrent group was higher in the present study than
in the non-recurrent group (Table 1). Mobbs et al. also reported the rate of reoperation in
the diabetic population was 28%, whereas the control group was 3.5% [30]. Interestingly,
Robinson et al. reported fewer proteoglycans in the intervertebral discs of diabetic patients
compared to nondiabetics, suggesting a potential mechanism underlying the higher rates
in DM patients [31]. This pathological change might contribute to a decrease in the strength
of the disc collagen matrix and cause susceptibility for the recurrent herniation in DM
patients. Strict control of blood sugar after FED-IL is expected to reduce the recurrence
of herniation.

Radiological measurements in the present study have elucidated several risk factors for
recurrent herniation. Among these, disc height was lower in the recurrent group (Table 1).
Kim et al. also found decreased disc height as a risk factor and hypothesized that an
impaired healing process of the annulus contributes to the pathogenesis of recurrence [32].
Moreover, LL and Cobb angles were recorded, but no difference was found between groups.
Large LL was suggested as the risk factor for recurrence in L5/S1 level herniation [33],
whereas other levels were included in the present study. Chaojie et al. speculated wide
lumbar lordosis increased shear force on the L5-51 segment [33].

In an MRI study, subligamentous extrusion type herniation was found as the risk factor
for recurrence (Table 1). Carragee et al. reported extrusion and sequestration were the end-
stage in the process of fragmentation of disc material [34]. Protrusion or subligamentous
extrusion-type herniation may have residual disc material that could serve as a candidate
for the next herniation. Migration of disc material had no influence on recurrence, whereas
Modic change was found as the risk factor for the recurrence (Table 1). Lu et al. showed
recurrent herniation preferentially occurred when Modic change exists [35]. Thus, the
weak connection between the cartilage and the vertebral body was the possible cause for
the relapse.

Among the 65 cases, 19 patients (29.2%; VE+E groups) received reoperation within
3 months, and 46 cases (70.8%; M+L group) underwent reoperation after 3 months (Table 2).
This result conflicts with the report by Kim et al. that 1001 of 2578 reoperations (38.8%)
were performed within 3 months [36]. Cheng et al. followed FED-TF cases and found
that 76.5% of reoperations were performed within 0.5 years after primary surgery [37].
We encountered more reoperations performed later than those reports [36,37]. This may
represent differences in the approaches applied, as FED-IL or FED-TF, or in the indications
for reoperation for recurrent lumbar disc herniation. Further research is needed to explain
this discrepancy.

Among the four subgroups of recurrence (VE, E, M, and L groups), age, sex, and BMI
were similar, except the VE group was significantly younger than the L group (Table 2).
High levels of activity might cause early prolapse of disc material after the surgery. All
patients in the VE group underwent FED-IL for reoperation, whereas more fusion surgeries
were performed for cases with later recurrence. Surgical options for recurrent lumbar disc
herniation include re-discectomy using conventional or minimally invasive techniques,
with or without fusion. To determine the technique to be applied for reoperation, fac-
tors such as degeneration (including instability or deformity) and presenting symptoms
(including limb or lumbar pain) are considered. Re-discectomy via a conventional [38] or
minimally invasive technique [39,40] alone is the first choice for reoperation in terms of
minimizing operation time, intraoperative blood loss, and total cost of the procedure [41].

Patients with back pain show significantly better improvement with fusion com-
pared to discectomy alone, so patients with significant back pain should consider spinal
fusion [41-43]. In addition, fusion surgeries, such as transforaminal lumbar interbody
fusion, offer the advantage that discectomy can be performed through unscarred virgin
tissues with no adhesions and through the lateral aspect of the dura mater with minimal
retraction of the dura. While reoperation for recurrent lumbar disc herniation in previous
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studies [38-43] has demonstrated favorable clinical outcomes, high-quality evidence sup-
porting indications for operative techniques remains limited, and the methods selected
to treat recurrent lumbar disc herniation, for the most part, remain dependent on the
preference of the surgeon.

The reoperation time for FED-IL was significantly shorter in the VE group than
in the other groups. The process of scar formation and repair has been classified into
three phases [44]. The first phase is the local inflammatory reaction in the first 3-5 days
after surgery, involving hemostasis and coagulation. The second phase lasts 2-3 weeks
for the formation of granulation tissue. The third phase involves the subsequent tissue
reconstruction, transforming to scar tissue in the region of the defect [44]. The operation
time for FED-IL was thus significantly shorter for the VE group than for even the E group.
Reoperation performed later than 2 weeks after primary FED-IL is technically demanding
for deal with adhesive soft tissues, whereas re-herniation before 2 weeks is easily removed
by FED-IL without any adhesions present. In addition, the duration of hospitalization
after reoperation was shorter in the VE group than in the other groups (Table 2), and
clinical outcomes after reoperation were favorable (Figure 4c). These results indicate
that reoperation can be positively recommended for patients with re-herniation before
2 weeks, especially since the symptoms of re-herniation are often more severe than the
initial symptoms.

5. Study Limitations

This was a retrospective study, so key limitations in this study were selection bias and
incomplete data. In the future, a prospective investigation would provide sufficient data to
better clarify issues identified in this study.

6. Conclusions

Disc height, smoking, diabetes mellitus (DM), subligamentous extrusion (SE) type,
and Modic change were identified as risk factors for recurrent lumbar disc herniation after
FED-IL. The procedure selected to treat recurrent lumbar disc herniation mostly depends
on the surgeon’s preference. Revision FED-IL is the first choice for the recurrent herniation
in terms of minimizing surgical burden, whereas fusion surgery offers the advantage that
discectomy can be performed through unscarred tissues. FED-IL is recommended for
recurrent herniation within 2 weeks before adhesion progress.
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Spine-related disorders often impair quality of life (QOL) and the ability to perform
activities of daily living and are a problem in rapidly aging societies. Motor deficits,
poor balance, and neuropathic pain are known to be major causes of frailty in the elderly
population. Spine surgeons and neurosurgeons must interpret these pathologies accurately
to make a correct diagnosis and aim for an optimal solution when treating such patients.
Therefore, they must be able to recognize the spinal diseases that lead to severe disorders
in the elderly. This Special Issue of the Journal of Clinical Medicine is dedicated to current
topics in spine-related disorders of the elderly (Figure 1). This narrative review focuses on
present perspectives and future directions concerning refractory spinal disorders, including
spinal tumors, osteoporosis, spinal metastasis, spinal deformity, and ossification of the
spinal ligaments.

Degeneration & deformity Inflammation
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Figure 1. Typical spine-related disorders in the elderly.
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1. Spinal Deformity

In 1994, Dubousset et al. [1] introduced the “cone of economy” concept, which has
since been applied when evaluating balance in elderly patients with spinal deformity.
According to this concept, when the gravity line is within the cone of economy, minimal
muscle activation is needed to maintain balance, but in patients with severe spinal defor-
mity, the gravity line is outside the cone of economy, such that greater muscle energy is
required and maintaining a standing posture becomes difficult [2]. Patients with spinal
malalignment often complain of a variety of symptoms, including intermittent claudication
due to severe low back pain, gastroesophageal reflux disease caused by excessive pressure
on the abdomen due to spinal kyphosis, and depression and the resulting deterioration
of QOL [3]. Schwab et al. reported that global spinal sagittal malalignment, high pelvic
tilt, and spinopelvic alignment mismatch lead to the deterioration of health-related QOL
in elderly patients with spinal deformity [4] and devised the well-known SRS-Schwab
classification of adult spinal deformity. Recent improvements in spinal instrumentation
and surgical strategies have meant that surgeons are better able to correct spinal alignment
and perform long spinal fusion surgery to improve low back pain, gait, and health-related
QOL [5]. However, surgery for spinal deformity has a high complication rate [6], and there
are some concerns about performing highly invasive surgery in elderly patients. Therefore,
we should also focus on intervention in the early stages of spinal deformity.

One of the most important factors in spinal deformity is vertebral fractures, which
are prevalent in the elderly because of osteoporosis. Vertebral fractures contribute to
spinal malalignment [7], and sagittal spinal malalignment is a potential risk factor for new
vertebral fractures in patients with osteoporosis [8]. Therefore, treatment of osteoporosis to
avoid vertebral fractures is important in terms of preserving spinal alignment.

Another frequently encountered cause of spinal deformity is the age-related decrease
in muscle mass, known as sarcopenia. In a study by Eguchi et al., the incidence of sarcope-
nia was significantly higher in patients with spinal deformity than in those with lumbar
spinal stenosis [9]. Moreover, strong correlations were found between decreased trunk
muscle mass, global spinal sagittal malalignment, and poor low back pain, and health-
related QOL scores [10]. These findings indicate that the measurement of skeletal muscle
mass is required for a diagnosis of sarcopenia. However, the measurement of trunk muscle
mass may also be needed in patients with spinal deformity. Furthermore, the management
of spinal deformity should include early intervention to improve both skeletal and trunk
muscle mass.

2. Osteoporotic Vertebral Fractures

Osteoporotic fractures are particularly common in vertebrae, and their diagnosis
and treatment are very important in our aging society. An osteoporotic vertebral fracture
(OVF) not only reduces QOL by causing chronic low back pain and a decrease physical
activity but also increases the mortality risk by about 15% [11]. Although an OVF is not
difficult to diagnose, there are some points that need to be taken into account so that these
fractures are not missed or misdiagnosed. Considering that the risk of a future OVF is
markedly increased in patients with a prior OVE, the correct diagnosis and treatment of
osteoporosis are important to reduce the risk of a future fracture. The first 1-2 years after
OVF is a time of increased risk for further fractures and is known as the imminent fracture
risk period [12]. Therefore, therapeutic intervention for osteoporosis should be initiated
promptly at the time of an OVF. The goals of treatment are pain relief and the achievement
of the pre-injury QOL and activities of daily living (ADL) performance level. Although
conservative measures are the mainstay of treatment for OVF, there is still no gold standard
approach in terms of bracing and physical therapy. The choice of treatment must be tailored
to the patient’s general condition and previous level of physical activity.

At present, there is no OVF classification that can be used to guide treatment. Although
the Genant classification [13] is the most widely used in epidemiological and clinical
studies because of its simplicity, it does not categorize OVF according to morphology,
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making it difficult to use for treatment decisions. More recently, the German Society for
Orthopaedics and Trauma has proposed a classification that can be used to decide feasible
treatment [14,15]. However, in elderly patients, the treatment goals will vary greatly
depending on overall health status and the pre-fracture ability to perform ADL, so the
extent to which this scoring system is actually useful needs further validation.

It is well known that elderly patients are at high risk of surgical complications. Ver-
tebral augmentation, posterior fixation, osteotomy, and anterior fixation are the surgical
options for OVF. It is necessary to understand the advantages and disadvantages of these
techniques before selecting a surgical method. Vertebral augmentation or local fixation is
indicated when the aim is to reduce back pain caused by a local fracture or pseudoarthrosis,
whereas decompression fixation is indicated for neurological symptoms. However, there
are some potential problems with implant surgery, such as loss of correction, adjacent
vertebral fracture, leakage and migration of cement, and a need for revision surgery [16,17].
Preoperative imaging evaluation is important to minimize the risk of these complications.

The risk of complications with implant surgery increases in patients over 80 years of
age [18]. Posterior fusion is indicated when the vertebral body shows mobility but is judged
to be poorly improved by vertebral augmentation alone based on imaging findings or
when neurological symptoms are present. If the mobility of the vertebral body is observed,
vertebral body augmentation can be used to support the anterior column. However, the
correction effect is poor [19]. Loss of correction after posterior fusion is caused by loosening
of the screw on either the cephalad or caudal side. For posterior fixation, the pedicle screw
alone may pull out, and a combination of various hook systems and wire ring taping
should be considered. Augmentation of fenestrated pedicle screws is also an option but
has been reported to have a high cement leak rate [18].

Anterior column reconstruction is necessary when the fractured vertebral body is
unstable but not amenable to vertebral augmentation, when there is instability at the disc
level, and when there is prominent vertebral body deformation that requires resection. The
anterior column can be reconstructed by a posterior osteotomy or anterior discectomy, but
posterior anchoring is essential for the correction of kyphosis. According to one report [20],
an operating time of 3 h and blood loss of less than 500 mL is acceptable in patients over
80 years of age. Therefore, the anterior reconstruction can be performed if short fusion is
possible but is not otherwise indicated in this age group.

OVF is basically treated conservatively in elderly patients, but surgery should be
considered for those who are resistant to conservative measures and those with neurological
symptoms. Given that OVF is often difficult to treat, it is important to start screening for
osteoporosis at a relatively young age and initiate treatment as early as possible.

3. Tumors of the Spinal Cord

Spinal cord tumors are rare and account for 4-16% of all tumors in the central nervous
system [21-24]. A previous study in our orthopedic department identified 678 patients
with spinal cord tumors over a 10-year period. Most of the patients who required surgery
were in their 50 s or 60 s, with a mean age at the time of surgery of 52.4 years.

Intramedullary spinal cord tumors (ImSCTs) comprise approximately 5-20% of all
spinal cord tumors [21-24]. Although glioma and astrocytoma are common ImSCTs in
pediatric patients, ependymomas are the most common ImSCT in adults. Ependymomas
tend to be located in the cervical or cervicothoracic region in adults, whereas most are
myxopapillary ependymomas in the conus medullaris in pediatric patients. Other ImSCTs
commonly found in adults are hemangioma and hemangioblastoma [23]. Most heman-
giomas are found at the cervical and thoracic levels and are typically observed in patients
aged older than 50 years. Three-quarters of hemangiomas are intramedullary, and the re-
mainder are at intradural or epidural sites. Adult hemangioblastoma is most likely to occur
in those in their 30s [23]. Approximately 90% of hemangioblastomas are ImSCTs, and the
remainder are intradural-extramedullary tumors. Moreover, 40% of hemangioblastomas
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are associated with von Hippel-Lindau disease and whole-body computed tomography is
needed to confirm the diagnosis.

Intradural-extramedullary tumors are the most common spinal cord tumors. In
Asian populations, most intradural-extramedullary tumors are schwannomas followed by
meningiomas [23]. However, in non-Asian countries, the incidence of meningioma is at
least as high as that of schwannoma. Schwannoma is typically diagnosed after the age of 30,
with the highest incidence in those aged 50-59 years [23]. In contrast, meningioma typically
occurs after the age of 50, and its highest incidence is among those aged 60-69 years [23].

Recent progress in research on spinal cord tumors includes advances in the genetic
analysis and identification of causative genes for various tumors [21]. Meningioma is one of
the most common spinal cord tumors, and the most consistent genetic abnormality found
in patients with these tumors is a complete or partial loss of chromosome 22, followed by
the loss of 1p, 9p, and 10q and gain of 5p and 17q [21]. Further advances are expected in
the field of genetic analysis, and in addition to arranging the pathological classification of
tumors, developments in gene therapy for malignant tumors are anticipated.

4. Spinal Metastasis

In recent years, there has been an increase in the number of patients with metastatic
spine tumors due to advances in the treatment of their primary cancers and population
aging. Metastatic spinal cord compression occurs in 5-14% of all patients with cancer [25].
Therefore, it is important to detect and treat compression because it may lead to pathologi-
cal fractures and paralysis, both of which can greatly impair ADLs [26]. Nonetheless, many
patients develop severe paralysis due to spinal cord compression and require emergency
hospitalization. In such cases, improvement after surgery is poor, and the risk of complica-
tions is high. Therefore, it is necessary to establish a comprehensive treatment plan that
takes into account the likely prognosis and the patient’s overall state of health.

In 2005, Patchell et al. reported a randomized trial in which they found that surgery
was more effective than radiotherapy for metastatic spinal cord compression in terms
of maintaining the ability to walk [25]. However, a subsequent study [27] found that
the therapeutic outcome of radiation was inferior to that previously reported. Rades
et al. investigated 11 prognostic factors in a cohort of 2296 patients with metastatic spinal
cord compression. Using matched-pair analysis, they were able to compare the outcomes
between 108 patients who underwent surgery plus radiotherapy and 216 patients who
received radiation alone [28]. They found no significant difference in terms of improvement
in motor function or the ambulation rate between the two groups and reported a surgery-
related complication rate of 11%. They concluded that patients over 65 years of age with
metastatic spinal cord compression did not benefit remarkably from the addition of surgery
to radiotherapy in terms of functional outcome, local control of metastatic spinal cord
compression, or survival [29]. In a systematic review of metastatic spine tumors, the
incidence of complications from radiotherapy alone was unknown, and few studies had
documented the progression of the systemic disease during treatment [27]. The overall
surgical complication rate was 29% (range, 5-65%), and the 30-day postoperative mortality
rate was 5% (range, 0-22%) [27]. The guidelines for diagnosis and treatment of bone
metastasis published by the relevant Japanese societies weakly recommend surgery for
functional improvement [30].

Further prospective randomized trials are needed to establish the value of surgery for
metastatic spinal cord compression. In recent years, minimally invasive techniques, such
as percutaneous pedicle screw fixation, have become popular and are reportedly useful in
patients with high-risk metastatic spinal tumors [31,32]. Advances in surgical techniques
and minimally invasive surgery are expected to improve surgical outcomes in the future.

5. Ossification of Spinal Ligaments

The spinal ligaments stabilize the structure of the entire spine and are known to work
together to allow spinal mobility. Ossification of the spinal ligaments (OSL) is a result of
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heterotopic bone formation in the spine. This pathologic state is well known to be more
prevalent in Asian countries than in the West. Basic studies have identified several genetic
factors that are associated with the onset and extension of ossification of the posterior
longitudinal ligament (OPLL). Karasugi et al. [33] performed a genome-wide linkage study
based on 214 sibling pairs with OPLL and identified loci with suggestive linkage on 1p21,
2p22-2p24,7q22, 16p24, and 20p12. Furthermore, Nakajima et al. identified six putative
genes in a genome-wide association study (GWAS) that included 1130 patients with OPLL
and 7125 controls [34]. Given that the GWAS could explain less than 2% of the total genetic
variance of OPLL, further information is necessary to understand the mechanisms.

Current advances in diagnostic imaging technology have improved our understanding
of the distribution and extension of OSL. Hirai et al. investigated the distribution of ossified
lesions throughout the whole spine using low-dose radiation computed tomography (CT)
and demonstrated that the prevalence of OPLL in the whole spine is correlated with female
sex, body mass index, and the degree of OPLL in the cervical spine [35]. They also found
a strong association between OSL and other concomitant ossified lesions in the cervical
and thoracic spine [36—40]. Katsumi et al. evaluated the chronologic progression of ossified
lesions on three-dimensional CT images for patients with OPLL. They reported a mean
annual increase in the lesion rate of 4.1% in non-surgically treated patients and identified
younger age and obesity to be risk factors for progression. Interestingly, they also showed
that the mean annual increase in the lesion rate was significantly lower in patients who
underwent posterior decompression with fusion surgery than in those who underwent
laminoplasty without fusion (2.0% vs. 7.5%). Considering that OPLL often results in
the onset and deterioration of spinal disorders with increasing size, it is important for
physicians and spine surgeons to conduct future investigations to identify significant
predictors of extension and thickening of ossification.

Clinically, surgery is indicated in patients with cervical OPLL who have progressive
myelopathic symptoms, such as clumsy hands, a spastic gait, and bowel or bladder impair-
ment that lead to severe restriction of everyday activities. Two major surgical strategies,
namely, laminoplasty and anterior decompression with fusion, have been used in patients
with OPLL and myelopathy. Laminoplasty was developed in Japan as a minimally inva-
sive and effective posterior strategy that is relatively easy and safe to perform [41] and is
now used throughout the world. However, despite these advantages, laminoplasty is not
suitable for patients with extensive ossified lesions (with a canal occupying ratio > 60%),
beak-type OPLL, or cervical kyphotic alignment because of decompression at the ventral
portion of the spinal cord [42,43]. The anterior technique essentially decompresses the
ossification and stabilizes the structures of the cervical spine. Compared with laminoplasty,
anterior corpectomy with fusion achieves better clinical outcomes in patients with extensive
OPLL and/or kyphotic alignment [44]. Posterior decompression with fusion is a further
strategy that can be used to achieve decompression and stability in these patients with
outcomes similar to those achieved using the anterior method [45]. However, to obtain a
good clinical outcome, it is best to operate on a patient with OPLL before the spinal cord
is damaged irreversibly. We, therefore, should weigh the benefits of these three types of
surgery in patients with a spinal disorder caused by ossified lesions.
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