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a b s t r a c t 

Lumbar spinal stenosis (LSS) is a condition associated with the degeneration of spinal disks in the lower 

back. A significant majority of the elderly population experiences LSS, and the number is expected to 

grow. The primary objective of medical treatment for LSS patients has focused on improving functional 

outcomes (e.g., walking ability) and thus, an accurate, objective, and inexpensive method to evaluate pa- 

tients’ functional levels is in great need. This paper aims to quantify the functional level of LSS patients 

by analyzing their clinical information and their walking ability from a 10 m self-paced walking test using 

a pair of sensorized shoes. Machine learning algorithms were used to estimate the Oswestry Disability 

Index, a clinically well-established functional outcome, from a total of 29 LSS patients. The estimated ODI 

scores showed a significant correlation to the reported ODI scores with a Pearson correlation coefficient 

( r ) of 0.81 and p < 3 . 5 × 10 −11 . It was further shown that the data extracted from the sensorized shoes 

contribute most to the reported estimation results, and that the contribution of the clinical information 

was minimal. This study enables new research and clinical opportunities for monitoring the functional 

level of LSS patients in hospital and ambulatory settings. 

© 2016 IPEM. Published by Elsevier Ltd. All rights reserved. 

1. Introduction 

Lumbar spinal stenosis (LSS) is a condition closely related with 

age-associated degeneration of the lumbar (i.e., lower back) spinal 

disks [1] . It is known as the most common diagnosis leading to 

spinal surgery in elderly patients of age greater than 65 years [2] , 

and approximately 40% of general adult populations are known 
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to carry moderate conditions of LSS [3] . As a consequence of the 

worldwide trend of aging societies in developed and developing 

countries, a significant majority of the elderly population is ex- 

pected to experience LSS [4] . 

LSS is characterized by a narrowing of the spinal canal and 

compression of nerve roots in the lower back [1] , which lead to 

various clinical symptoms including leg pain, numbness, and weak- 

ness [5] . Thus, patients with LSS have considerable walking limita- 

tion [1,3,6,7] , which is the leading cause of spinal surgery in Medi- 

care recipients [3,8] . The primary objective of medical treatment 

has been focused on improving functional outcomes, e.g., the walk- 

ing ability [3] . Consequently, researchers and clinicians have fo- 

cused their attention on the development of objective, inexpensive, 

and accurate assessment tools to quantify the level of functional 

capacity, which can be used to track the longitudinal progress of 

patient conditions. 
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Instrumented examination of walking ability has the poten- 

tial to support such a need compared to traditional clinical tools 

such as radiographic testing (e.g., X-ray, Magnetic Resonance Imag- 

ing (MRI), and Computed Tomography (CT) images [1] ) and self- 

reported functional outcomes (e.g., Oswestry Disability Index (ODI) 

[9] , Swiss Spinal Stenosis Questionnaire, and Oxford Claudication 

Score [10] ). Several observational studies recently validated the 

clinical efficacy of gait parameters recorded from self-paced walk- 

ing tests (SPWT) or motorized treadmill tests (MTT) [3,6,7,11] . In 

these works, patients were asked to walk on a flat surface (SPWT) 

and/or a treadmill (MTT) at preferred speeds until they voluntar- 

ily stopped due to symptoms of LSS or until they reached the 

predefined maximum time duration (e.g., 30 min). Two parame- 

ters related to walking capacity (i.e. time and distance traveled) 

were tested for their correlations to the perceived functional level 

obtained by using patient-reported outcomes. The work by Con- 

way et al. [6] concluded that the traveled distance of SPWT had 

a statistically significant correlation with ODI scores. The work by 

Rainville et al. [3] performed both SPWT and MTT, and concluded 

that gait parameters extracted from MTT has better correlation to 

the functional outcomes than SPWT. The work by Tomkins-Lane 

et al. [11] examined the changes in the value of ODI and the 

changes in the traveled distance of SPWT, and found a significant 

correlation between the two. The work by Conway et al. [6] also 

monitored levels of physical activity (i.e. activity count and max- 

imum time of continuous activity) of LSS patients using a waist- 

worn accelerometer over several days, but their correlations to the 

patient-reported outcomes were not as significant as the gait pa- 

rameters from walking tests. 

The aforementioned works demonstrated the clinical effective- 

ness of gait parameters for their use as objective measures. How- 

ever, SPWT and MTT are not fully automated and require presence 

of a clinical professional who needs to manually record the gait pa- 

rameters. Moreover, these tests may require patients to walk for up 

to 30 min. These may serve as barriers to use the SPWT and MTT 

in clinical and ambulatory settings, considering the patients’ adher- 

ence (or preference) to the testings for frequent and longitudinal 

tracking of functional level. Furthermore, all the aforementioned 

analyses investigate correlation between a single-dimensional gait 

parameter and the clinical score, rather than incorporating multi- 

dimensional gait parameters. This may restrict the quantification 

of motor function to be relatively simple and prohibit integrating 

multiple walking characteristics in the measure. 

This paper introduces a fully automated system and its method 

that quantify the functional level of LSS patients by analyzing their 

walking ability using a pair of sensorized shoes equipped with 

pressure sensors. The method employed a self-paced walking test 

on a 10 m flat trail, which took approximately 6 min to complete. 

A total of 76 spatio-temporal features that were extracted from the 

smart shoes and 12 clinical variables that were previously found 

to be relevant to the functional level were used to estimate the 

clinical scores obtained by using the ODI [12] , a clinically well- 

established outcome measure in lower back pain patients [13] . This 

paper discusses two machine learning algorithms designed to esti- 

mate clinical scores collected during the preoperative and postop- 

erative visits, respectively. The clinical efficacy of the system was 

investigated through a pilot cohort involving 29 LSS patients. 

2. Materials 

2.1. Participants 

A total of 29 patients (11 males and 18 female) with LSS were 

recruited from the UCLA Spine Center. The ages of the participants 

ranged from 28 to 78, with an average and standard deviation of 

57.4 ± 15.9 at the time of surgery. All patients were diagnosed 

Fig. 1. A picture of the sensorized shoes containing an array of five pressure sen- 

sors and a wireless data transceiver. Pressure sensors on the insole were positioned 

to detect heel-strike (P1), mid-lateral plantar pressure (P3), toe pressure (P5) and 

other spatio-temporal information (P2 and P4). 

with LSS as a result of lumbar disk herniation, lumbar spondylolis- 

thesis, or adjacent segment disease. All patients had radiculopa- 

thy or axial pain in the lower limbs, which affected their walk- 

ing ability. Patients who had comorbidities that may affect their 

lower motor function and gait performance were excluded from 

the study. All patients received lumbar decompression and/or lum- 

bar fusion surgery performed by a single neurosurgeon (DCL). The 

experimental procedure was approved by the UCLA institutional 

review board, and all patients provided consent to participate in 

the study. 

2.2. Sensory platform 

A pair of shoes equipped with an array of five pressure sensors 

was developed as shown in Fig. 1 . The pressure sensors on the in- 

sole were positioned to detect heel-strike (P1), mid-lateral plantar 

pressure (P3), toe pressure (P5) and other spatio-temporal infor- 

mation (P2 and P4). An embedded system on each shoe collects 

sensory data at a sampling rate of 80 Hz and transmits the data 

in real-time to the base station (i.e. a laptop) via the IEEE 802.15.4 

standard (i.e. ZigBee protocol) [14] . Each shoe establishes a wire- 

less connection to the base station independently. A total of five 

shoes with different sizes were made for both males and females. 

The pressure sensors on the insole were positioned linearly pro- 

portional to the size of the shoe. 

2.3. Experimental protocol 

Fig. 2 illustrates the experimental protocol. A straight 10 m long 

trail was marked on a level floor as was suggested by Perry [15] for 

a stride analysis. Patients were asked to wear the sensorized shoes 

and walk on the trail at a self-paced speed, turn around, and walk 

back to the original position. Patients were asked to pause for five 

seconds before walking, before the turn, before walking back, and 

after reaching the final destination ( Fig. 2 ); these five second de- 

faults were used as annotations to segment the collected data. No 

further instruction was given to the patients regarding their gait 

performance and behavior. Patients repeated this procedure twice, 

which resulted in a maximum of four 10 m walks per clinical visit 

(or per test). 

All 29 patients performed the walking test approximately one 

hour before their surgical operation. In this work, the sensor and 
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