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Abstract 1 

Background 2 

Lumbar alignment of posterior or anterior tilts affects the exacerbation and remission of 3 

symptoms of lumbar spinal stenosis patients. This study aimed to clarify the correlation 4 

between spinal and pelvic movements during gait and the aggravation of low back pain 5 

after gait loading in lumbar spinal stenosis patients. 6 

Methods 7 

A total of 29 patients with lumbar spinal stenosis completed leg and low back pain 8 

assessments and gait analysis before and after gait loading tests. Patients were divided 9 

into leg and low back pain change (n = 8), leg pain only change (n = 12), and non-10 

change (n = 9) groups based on the differences of leg and low back pain between before 11 

and after the tests. Peak kinematic values of the anterior tilts of the trunk, thoracic spine, 12 

lumbar spine and pelvis during the stance phase were obtained via three-dimensional 13 

gait analysis. 14 

Results 15 

In the leg and low back pain change group, the anterior lumbar and pelvic tilts were 16 

larger after than before the tests; however, in the leg pain only change and non-change 17 

groups, only the anterior lumbar tilt was larger after than before the tests. Anterior 18 
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lumbar tilt before and after the tests negatively correlated with the aggravation of low 1 

back pain, and increasing in the anterior pelvic tilt positively correlated with the 2 

aggravation of low back pain. 3 

Conclusions 4 

In lumbar spinal stenosis patients, smaller anterior lumbar tilt and larger anterior pelvic 5 

tilt during gait loading may affect the aggravation of low back pain by gait loading. 6 

Increasing in lumbar lordosis during gait might be one of the factors leading to low back 7 

pain in lumbar spinal stenosis patients. 8 

9 
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1. Introduction 1 

Lumbar spinal stenosis (LSS) patients frequently complain of numbness and pain 2 

in the lower limbs, and neurogenic intermittent claudication [1, 2]. It is known that the 3 

lumbar alignment of the posterior or anterior tilts affects exacerbation and remission of 4 

symptoms of LSS patients. A previous study [3] showed that in the standing position, 5 

the epidural pressure was increased by maximum lumbar extension, but decreased by a 6 

30° forward flexion compared to the upright position in LSS patients. 7 

There are a few studies on trunk tilt before and after a gait loading test for LSS 8 

patients. While Suda et al. and Nagai et al. [4, 5] showed an increase in anterior trunk 9 

tilt, another study [6] did not show any change after gait loading test. Thus, no 10 

consensus has been reached as to spinal and pelvic movements before and after gait 11 

loading in LSS patients. We postulated that the differences in results of each study were 12 

due to investigating the movement of the whole spine being considered in the previous 13 

studies. The thoracic and lumbar movements should be investigated separately to better 14 

understand the spinal kinematics of LSS patients during gait before and after gait 15 

loading. 16 

Furthermore, 67.6% of LSS patients have low back pain (LBP) [7], and a 17 

previous study [8] showed that LBP for LSS patients was improved after decompression 18 
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surgery without fusion. In this literature, authors discussed that the factors leading to 1 

LBP in LSS were the facet joints, ischemia of the nerve roots, and postures of increased 2 

lumbar anterior tilt. Considering these facts, there is a possibility that spinal and pelvic 3 

movements affect LBP, that are exacerbated by walking. 4 

The purposes of this study were: (1) To investigate both thoracic and lumbar 5 

movements during gait in LSS patients before and after gait loading, and (2) To clarify 6 

that the aggravation of LBP after gait loading is affected by spinal and pelvic 7 

movements during gait in LSS patients. We hypothesized that the anterior lumbar tilt 8 

during gait would be increased after gait loading to avoid the appearance of neurogenic 9 

intermittent claudication and that the larger anterior lumbar tilt after gait loading would 10 

induce LBP in LSS patients. 11 

 12 

2. Materials and methods 13 

2.1 Participants 14 

This study included the LSS patients who underwent decompression surgery 15 

without fusion at our institute between January 2015 and August 2017. LSS patients 16 

were diagnosed based on a review of the patient history, physical examination, and 17 

confirmation of LSS by magnetic resonance imaging. All patients had experienced 18 
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lower-extremity pain and/or numbness and neurogenic intermittent claudication. 1 

Patients were excluded if they had significant instability or scoliosis of the lumbar 2 

spine, previous spinal surgery, bone tumour, apparent vertebral fracture on plane X-ray, 3 

severe hip and/or knee osteoarthritis, inability to walk independently, no increase in leg 4 

pain by gait loading. A total of 29 patients with LSS (17 male and 12 female adults) 5 

were recruited in the study. In 10 patients who were evaluated by standing lateral 6 

radiographs of the whole spine and pelvis [9], the average sagittal vertical axis, thoracic 7 

kyphosis, lumbar lordosis, pelvic tilt, sacral slope, and pelvic incidence were 55.4 ± 8 

27.0 mm, 33.4 ± 13.9°, 30.4 ± 17.6°, 33.4 ± 13.9°, 30.2 ± 11.0°, 29.2 ± 14.2°, and 59.4 9 

± 20.2°, respectively. 10 

This study was approved by the Epidemiology Research Ethical Review Board of 11 

our institution (approval number: E Epd-1050-2). All patients received information 12 

about the purpose and design of the study, and each of them was provided a written 13 

informed consent. 14 

 15 

2.2. Protocol (Fig. 1) 16 

All patients performed the following measurements in the week prior to 17 

decompression surgery. Initially, they were screened for health status related to LSS by 18 
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using the MOS 36-item Short-Form Health Survey (SF-36). The SF-36, which consisted 1 

of eight subcategories, was used to evaluate health-related quality of life, and a higher 2 

score indicated a better health status [10, 11]. The Oswestry Disability Index (ODI) was 3 

used to evaluate activities of daily living related to LBP, and a lower score indicated a 4 

better health status [12, 13]. 5 

Next, patients performed a modified 6-minutes gait loading test with the aim to 6 

induce symptoms [14, 15]. They were instructed to walk back and forth along a 10-m 7 

walkway as fast as possible for 6-minutes following the instructions ‘‘walk as fast as 8 

you comfortably can, bearing in mind that you will be walking for six minutes.’’ 9 

Patients were allowed to stop and rest during the test as long as they stood. Then, we 10 

measured leg pain (LP), LBP, and gait kinematics immediately before (pre-effort) and 11 

after (post-effort) the gait loading test. We measured LP and LBP pre-effort after 12 

sufficient rest. A walking distance was recorded after the test. 13 

 14 

2.3. Assessment of pain intensity before and after gait loading test and classification 15 

into groups 16 

We measured patients’ LP and LBP intensity using a 100 mm-Visual Analogue 17 

Scale (VAS) pre- and post-effort. Patients marked their pain intensity on the 100 mm-18 
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VAS, where 0 mm signified “no pain” and 100 mm signified “the worst pain 1 

imaginable.” 2 

 ΔLP and ΔLBP were calculated by subtracting the pre-effort VAS scores from 3 

post-effort. Patients with ΔLP of ≤0 mm were defined as the non-change group. 4 

Furthermore, in patients with ΔLP of >0 mm, because a minimum clinically important 5 

change is defined as a change in pain of ≥18 mm on VAS [16], we set the threshold as 6 

18 mm to classify the following groups: LP and LBP change (ΔLBP of ≥18 mm) and LP 7 

only change (ΔLBP of <18 mm). 8 

 9 

2.4. Gait analysis 10 

A three-dimensional motion analysis system (VICON MX: Vicon Motion 11 

Systems, Oxford, UK) with 16 infrared cameras (sampling at 100 Hz) and eight force 12 

plates (sampling at 1000 Hz; AMTI, Watertown, USA) recorded LSS patients’ gait. 13 

Thirty-five passive reflective markers (14 mm diameter) were attached according to a 14 

commercially available kinematic model (Plug-in-gait, Vicon® Peak, Oxford, UK). To 15 

examine both thoracic and lumbar motion during gait, eight markers were attached to 16 

the spinous processes of C7, T1, T12, and L1 and on both sides of the spinous processes 17 

of T1 and L1 [17, 18]. Before gait protocols were started, the static standing reference 18 
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position of the patients was measured twice. The patients were directed to look straight 1 

ahead and keep standing for 5 s. Patients then walked barefoot at a self-selected speed 2 

along a 10-m walkway, three times at each pre- and post-effort. 3 

Acquired data was filtered by a 4th-order Butterworth low-pass filter with cut-off 4 

frequency of 6 Hz (ButterPlug; Vaquita Software, Zaragoza, Spain). Spatiotemporal 5 

parameters: gait velocity, cadence, and stride length, were extracted from the 6 

biomechanical model output, and the stride length was normalized to the body height. 7 

Using the Vicon Bodybuilder processing software (Vicon Motion Systems), anatomical 8 

reference segments: the T1, L1, and pelvic segments, were defined according to a 9 

previous study (Fig. 2) [18]. The trunk, thoracic, and lumbar tilts were defined as 10 

movements of the T1 segment to the pelvic segment, the T1 segment to the L1 segment, 11 

and the L1 segment to the pelvic segment, respectively. Pelvic tilt was defined as the 12 

movement of the pelvic segment to the global segment. The positive and negative 13 

kinematic data were represented as the anterior and posterior tilt, respectively. 14 

The gait kinematics of the spine and pelvis were expressed relative to the 15 

patient’s standing reference position by subtracting the standing reference values from 16 

those measured during the gait tasks [19]. Initial contact was identified by the force 17 

plates detecting >10 N, while toe-off was defined as the detection of <10 N. Kinematic 18 
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data included the peak values of each data point during the stance phase both pre- and 1 

post-effort. Further, Δ values of all spatiotemporal and kinematic parameters were 2 

calculated by subtracting the values at pre-effort from post-effort. The mean values of 3 

three trials were used in the statistical analysis. Gait analysis was conducted by one 4 

examiner (W.K). To evaluate the intra-rater reliability of kinematic data, 10 healthy 5 

male volunteers (mean age: 25 ± 3 years, body height: 1.72 ± 0.05 m, body weight: 63.5 6 

± 5.1 kg, body mass index (BMI): 21.4 ± 1.0 kg/m2) underwent gait analysis in two 7 

sessions. 8 

 9 

2.5. Statistical analysis 10 

Statistical analysis was performed using SPSS for Windows (version 23.0; IBM 11 

Japan, Tokyo, Japan). Agreement between measurements was analysed using the 12 

intraclass correlation coefficients (ICCs). For this calculation, the one-way random 13 

effects model was selected. Furthermore, the standard error of measurement (SEM) was 14 

used to estimate absolute repeatability and provide information to delineate intra-15 

individual variability over repeated measurements [20].  16 

A Shapiro-Wilk test was used to analyse normality of data distribution. Next, one-17 

way analysis of variance, Kruskal-Wallis test, and chi-square test were used to assess 18 
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differences among the three groups (LP and LBP change, LP only change, and non-1 

change). A post hoc analysis was performed using the Tukey-Kramer test or Steel-2 

Dwass test to determine differences among the groups. Differences in spatiotemporal 3 

and kinematic data among the groups before and after the gait loading test were 4 

examined using a two-way mixed repeated-measure analysis with factors of the groups 5 

(LP and LBP change, LP only change, and non-change) and the time effect (pre- and 6 

post-effort). If there were significant interactions, simple main effects were evaluated 7 

using a Bonferroni test. Correlations between gait velocity and kinematics of the spine 8 

or pelvis during gait and ΔLP or ΔLBP were analysed using the Spearman rank 9 

correlation coefficient for patients with LSS except for the non-change group. The level 10 

of statistical significance was <5%. 11 

 12 

3. Results 13 

ICC values for the peak tilts during the stance phase in the trunk, thoracic spine, 14 

lumbar spine, and pelvis were 0.635, 0.742, 0.838, and 0.944, respectively. SEM values 15 

for the peak tilts during the stance phase in the trunk, thoracic spine, lumbar spine, and 16 

pelvis were 3.0°, 2.9°, 1.8°, and 1.4°, respectively. 17 
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Based on VAS scores of LP and LBP, 8 patients were included in the LP and LBP 1 

change group, 12 in the LP only change group, and 9 in the non-change group. No 2 

significant differences were observed in age, height, weight, BMI, sex, walking distance 3 

of gait loading test, SF-36 scores, and ODI scores between the groups (Table 1).  4 

No significant differences in VAS scores of LP and LBP pre-effort were observed 5 

among the groups (Table 1). The VAS score of LP was significantly higher in the LP and 6 

LBP change and LP only change groups than in the non-change group post-effort. The 7 

VAS score of LBP was significantly higher in the LP and LBP change group than in the 8 

LP only change and non-change groups post-effort. 9 

Gait velocity, cadence, and stride length were significantly higher post-effort than 10 

pre-effort in the three groups (Table 2). There were no significant differences in gait 11 

velocity, cadence, and stride length between the groups. 12 

There was no significant effect of group, time and interactions on peak anterior 13 

trunk and thoracic tilts during the stance phase (Table 2, Fig. 3). Peak anterior lumbar 14 

tilt was significantly larger in post-effort than in pre-effort in the three groups, but no 15 

significant effect was observed on the anterior lumbar tilt in all groups. Peak anterior 16 

pelvic tilt was significantly larger in post-effort than in pre-effort in the LP and LBP 17 

change group only. 18 
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ΔLP and ΔLBP were significantly higher in the LP and LBP change and LP only 1 

change groups than in the non-change group (Table 3). Moreover, ΔLBP was 2 

significantly higher in the LP and LBP change group than in the LP only change group. 3 

ΔPelvis was significantly higher in the LP and LBP change group than in the LP only 4 

change and non-change groups. No significant differences in the other Δ values were 5 

observed between the groups. 6 

In patients with LSS except for the non-change group, the peak anterior trunk tilt 7 

during the stance phase pre-effort was negatively correlated with ΔLP (Table 4). On the 8 

contrary, no significant correlations were observed between gait velocity or other 9 

kinematic values and ΔLP. Peak anterior lumbar tilt during the stance phase both pre- 10 

and post-effort negatively correlated with ΔLBP, while ΔPelvis positively correlated 11 

with ΔLBP (Table 4). In contrast, no significant correlations were observed between gait 12 

velocity or other kinematic values and ΔLBP. 13 

 14 

4. Discussion 15 

To the best of our knowledge, this is the first study to investigate the thoracic, 16 

lumbar, and pelvic movements during gait before and after gait loading in LSS patients, 17 

particularly focusing on LBP. Our study provides two important findings. Firstly, 18 
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anterior tilts of the trunk and thoracic spine showed no change between before and after 1 

gait loading; however, lumbar anterior tilt increased after gait loading even in patients 2 

with LSS who had no aggravation of LP by gait loading. Secondly, in LSS patients, a 3 

smaller anterior lumbar tilt both before and after gait loading and a larger anterior pelvic 4 

tilt post-effort compared to pre-effort affected aggravation of LBP by gait loading. 5 

There was no consensus about trunk tilt before and after gait loading because the 6 

spinal movements analysed in each study were different [4-6]. As hypothesised, our 7 

results showed an increase in the anterior lumbar tilt even in patients with LSS who had 8 

no worsened LP after gait loading. In addition, no significant differences were observed 9 

between pre- and post-effort in terms of the trunk or thoracic tilts during gait. These 10 

findings suggest that LSS might induce the abnormal lumbar movement during gait. In 11 

the larger anterior lumbar tilt, the spinal canal becomes larger; thus, the compression of 12 

the nerve roots is reduced [3, 21]. Therefore, when performing gait loading test for LSS 13 

patients, focusing on the lumbar movement would be important to evaluate the spinal 14 

kinematics during gait. 15 

Based on the amount of change in the VAS score of LBP, we classified patients 16 

into two groups: the LP and LBP change and LP only change. Interestingly, LBP post-17 

effort and ΔLBP were higher in the LP and LBP change group; however, there was no 18 
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significant difference between the two groups in LBP pre-effort and other clinical 1 

outcomes such as LP, walking distance of gait loading test, SF-36, and ODI. In other 2 

words, no difference in intermittent claudication was observed between the LP and LBP 3 

change and LP only change groups. Therefore, for patients in the LP and LBP change 4 

group, gait loading specifically induced LBP. 5 

The most important result in the present study was that the anterior pelvic tilt in 6 

the LP and LBP change group increased post-effort compared to pre-effort. 7 

Furthermore, a smaller anterior lumbar tilt during gait, both in the pre- and post-efforts, 8 

and a larger increase of the anterior pelvic tilt post-effort compared to pre-effort 9 

significantly correlated with higher ΔLBP in patients with LSS except for the non-10 

change group. Kang et al. [22] reported that anterior pelvic tilt in LSS patients was 11 

decreased after gait loading. Similar to this, although no significant difference was 12 

observed, patients in the LP only change and non-change groups had slightly decreased 13 

in the anterior pelvic tilt (mean ΔPelvis was -0.6° and -0.3°, respectively). Thus, an 14 

increase in the anterior pelvic tilt in the LP and LBP change group (mean ΔPelvis was 15 

1.4°) was very characteristic. Increasing the anterior pelvic tilt in the standing position 16 

increases lumbar lordosis [23]. The smaller anterior lumbar tilt and the increase in the 17 

anterior pelvic tilt might cause an increase in lumbar lordosis. Jones et al. [8] reported 18 
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that the factors leading to LBP in LSS were the facet joints, ischemia of the nerve roots, 1 

and postures of increased lumbar anterior tilt. Because excessive lumbar lordosis causes 2 

an increase in compressive force within the facet joints [24], the aggravation of LBP by 3 

gait loading in patients with LSS might be derived from the facet joints. 4 

In the present study, pelvic range of motion during gait pre-effort was 2.6 ± 0.7° 5 

in the LP and LBP change group, 2.7 ± 1.4° in the LP only change group, and 2.6 ± 0.9° 6 

in the non-change group. A previous study [25] reported that pelvic range of motion 7 

during gait in the healthy adults was 2.4 ± 1.0° as in this study. Since pelvic range of 8 

motion during gait is small, the difference of 2.0° of ΔPelvis between the LP and LBP 9 

change group and LP only change group is considered to be very large. 10 

During gait, the pelvis plays two roles: locomotor and passenger system [26]. 11 

While the pelvis is a mobile link between two lower limbs as part of the locomotor 12 

system, it also serves as the bottom segment of the passenger unit that rides on the hip 13 

joints. As it plays an important role during gait, it might be necessary to prevent the 14 

increase of anterior pelvic tilt to reduce LBP during gait. In the future, studies involving 15 

some intervention at the pelvis are needed to decrease LBP during gait in LSS patients. 16 

Furthermore, the ODI scores of the LP and LBP change and LP only change groups 17 

were 50% and 41%, respectively. The ODI score of level of function corresponds to a 18 
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percentage of disability whereby a score of 41–60% = severe disability [12, 13]; thus, 1 

our subjects had severe disability. It is also necessary to compare the data according to 2 

the severity of disability in order to confirm whether our results are applicable to only 3 

LSS patients with severe disability or to all LSS patients. 4 

In this study, the peak anterior trunk tilt during the stance phase pre-effort was 5 

negatively correlated with ΔLP. A previous study also showed that the association of a 6 

smaller anterior trunk tilt (the sum of the thoracic and lumbar tilts) with higher VAS 7 

scores for LP were observed in patients with LSS preoperatively [18]. That is, the 8 

aggravation of LP after gait loading might be induced by less anterior tilts both in the 9 

pre-effort thoracic and lumbar spines. 10 

Before gait loading, the association between a smaller anterior trunk tilt and ΔLP 11 

and between a smaller lumbar anterior tilt and ΔLBP were observed in the present study. 12 

That is, by analysing the trunk or lumbar spine movement at the start of walking, it is 13 

possible to determine whether leg or low back pain worsens. In the future study, these 14 

cut-off values should also be calculated. 15 

Several limitations of this study should be noted. As this study was a cross-16 

sectional study, cause-and-effect relationships between LBP and kinematics of the spine 17 

and pelvis can only be inferred. To clarify causal relationships, a longitudinal study 18 
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should be conducted. Another limitation was that difficulty in selecting patients who 1 

were capable of performing the selected tasks and obtaining three-dimensional gait 2 

analysis led to a small sample size. 3 

In conclusion, even in patients with LSS who had no worsened LP after gait 4 

loading, the anterior tilt of the lumbar region still increased, but not that of the whole 5 

spine or thoracic region. Our findings suggest that gait analysis for LSS patients using 6 

gait loading test should be conducted to focus on the lumbar movement. Furthermore, 7 

the smaller lumbar anterior tilt of LSS patients regardless of gait loading and the larger 8 

anterior pelvic tilt after gait loading may affect the aggravation of LBP by gait loading. 9 

Therefore, increase in the lumbar lordosis might be one of the factors leading to LBP 10 

during gait in LSS patients. 11 
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Figure captions 1 

 2 

Fig. 1 A flow diagram describing the protocol used. SF-36, MOS 36-Item Short-Form 3 

Health Survey; ODI, Oswestry Disability Index; VAS, Visual Analogue Scale, pre-4 

effort, before gait loading test; post-effort, after gait loading test. 5 

 6 

Fig. 2 Definition of the T1, L1, and Pelvic segments. C7, T1, T12, and L1 show each 7 

spinous process. R- and L- T1, L1, ASIS, and PSIS show the right and left sides of the 8 

spinous process of T1, L1, and the anterior and posterior superior iliac spines, 9 

respectively. 10 

 11 

Fig. 3 Temporal changes in trunk, thoracic, lumbar and pelvic tilting movements during 12 

one gait cycle, before and after the gait loading test. Error bars showed standard 13 

deviation. One gait cycle was defined as the period from the initial contact of the right 14 

leg to the next initial contact of the same leg. LP and LBP change, LP only change, and 15 

non-change groups were divided based on leg and low back pains according to the 16 

visual analogue scale after gait loading compared to before test. Pre-effort and post-17 

effort show before and after gait loading test, respectively. The red, blue, green, smooth, 18 
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and dashed lines show the mean trace of the LP and LBP change, LP only change, and 1 

non-change groups, pre-effort and post-effort, respectively. 2 

  3 
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