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ABSTRACT 

Introduction 

In clinical practice, the degree of pelvic tilt is routinely evaluated because of its relationship to 

pelvic, spinal, and lower limb pathologies. The most common approach for assessing pelvic tilt in 

rehabilitation is visual observation and that is often qualitative in nature. Aside from radiographs, 

almost all quantitative techniques for measuring pelvic tilt in the sagittal plane require palpation 

of pelvic landmarks in static standing poses. Inertial sensors may provide a more versatile and 

reliable option for clinical pelvic tilt measurement.  

 

Purpose and Hypothesis 

         The primary purpose of this study was to evaluate the intra-tester reliability of the 

measurement of pelvic tilt with an inertial measurement unit (IMU) system and compare that 

reliability to a palpation-based method. The secondary purpose of this study was to evaluate the 

concurrent validity of the IMU system compared to the palpation method when measuring pelvic 

tilt. The first hypothesis was that the intra-tester reliability for the IMU would be the same or greater 

than the palpation-based method. The second hypothesis of this study was that the IMU would 

have a good agreement to the palpation-based method.  

 

Methods 

         A total of 29 healthy individuals (males n=14, females n=15) between the ages of 18-40 years 

were included in this study. Participants were asked to assume a comfortable standing position, sit 

on an inflated exercise ball, and assume a position with four-points of contact with both hands and 

both knees on the ground. All participants also performed sub-poses for standing, sitting, and four-

point positions consisting of the preferred hip flexed for sitting and standing and extended for four-

point positions. For the palpation method, the researcher palpated the anterior superior iliac spine 

(ASIS) and posterior superior iliac spine (PSIS) in each position and sub-pose. For the IMU 

method, an IMU sensor was attached with loop to an elastic belt wrapped around the lower back at 

the participant's sacral region. All palpation measurements were done on the side of the participant's 

preferred leg. Palpation data were collected using hand-held probes placed on the palpation points 

that were tracked using an 8-camera 3D motion capture system. Pelvic tilt was calculated as a 
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primary variable for each position and sub-pose. As a secondary variable, pelvic width was also 

calculated from the palpation method. Pelvic width was used to assess repeatability of palpation 

method. An intra-class correlation (ICC₃‚₁) was used to assess the correlation of pelvic tilt 

measurements between positions during sitting, standing, and four-point positions for normal and 

knee raise poses estimated by IMU and palpation-based methods to assess test-retest reliability. 

Precision was calculated using the standard error of measurement (SEM) and SEM was then used 

to generate the minimal detectable difference (MDD) of pelvic tilt angle by IMU and palpation-

based method. To investigate the secondary question, Bland-Altman plots were used to analyze the 

degree of agreement (i.e., concurrent validity) between pelvic angle measurement by IMU and 

palpation-based method. 

 

Results 

IMU measurements for pelvic tilt during all normal and knee raise sub-poses showed 

moderate to high intra-rater reliability (ICC= 0.71-0.85). Palpation measurements for pelvic tilt 

during all normal and knee raise sub-poses showed low to high intra-tester reliability (ICC= 0.27-

0.84). For the IMU method, the SEM and MDD ranged from 5.2° to 8.0° and 8.4° to 12.8° 

respectively during all poses. For the palpation method, the SEM and MDD ranged from 3.5° to 

7.4°and 7.1° to 11.8° respectively for all poses. Bland-Altman plots showed a bias between IMU 

and palpation methods for all poses that ranged from 8.8° to 14.8°. 

 

Conclusion 

An IMU, as implemented in this study (on a belt and wrap around the patient’s sacrum), is? 

a moderately reliable tool to help clinicians measure pelvic tilt in a clinical setting. The IMU is 

relatively easy to use and appears to be a more reliable tool as compared to the standard palpation 

approach. 
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GLOSSARY OF TERMS 

 

Pelvic Tilt:  During quiet standing, pelvic tilt can be viewed as an angle formed between the 

horizontal plane and an imaginary line extending between the anterior superior iliac spine (ASIS) 

to the posterior superior iliac spine (PSIS) measured in the sagittal plane. 

 

Lumbar Lordosis: Lumbar lordosis is the inward curve of the lumbar spine (just above the 

buttocks). 

 

Anterior Pelvic Tilt: In anterior pelvic tilt, the pelvis tilts forward and hip joint flexes, the low 

back curves anteriorly. As a result, lumbar lordosis of low back occurs. In the anterior tilt, or 

lordotic posture, there is often hip flexor tightness along with the abdominal weakness observed. 

 

Posterior Pelvic Tilt: In posterior pelvic tilt, the pelvis moves backward, the hip joint extends, and 

the low back flattens. In the sway-back posture or flat back, there is hip flexor weakness, 

specifically of the iliopsoas and hamstring tightness observed. 

 

Goniometer: An instrument for the precise measurement of angles of joints. 

 

Standard Error of Measurement: Standard error of measurement is an index of the precision of 

a measurement and reflects the consistency of a result within the individual subject. 

 

Minimal Detectable Difference: The minimal detectable difference is a measure of the smallest 

change that an outcome measure detects due to a noticeable change in the participant’s 

performance. 

 

Intra-Class Correlation Coefficient: The  intraclass correlation coefficient (ICC), is a descriptive 

statistic that can be used when quantitative measurements are made on units that are organized into 

groups. It describes how strongly units in the same group resemble each other. 

 

https://en.wikipedia.org/wiki/Descriptive_statistic
https://en.wikipedia.org/wiki/Descriptive_statistic
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Inertial Measurement Unit: An inertial measurement unit (IMU) is a lightweight, small, and 

wireless sensor that typically comprises an accelerometer that measures linear acceleration, a 

gyroscope that measures angular velocity, and magnetometers that measure relative orientation to 

Earth's magnetic field. 

 

Core Muscles: The abdominal, back, pelvic floor, and diaphragm muscles are often referred to as 

core muscles. 
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CHAPTER 1: INTRODUCTION 

The pelvis is a key structure that connects the trunk to the lower extremities, supports the 

body's weight, and transfers its load onto lower limbs. Assessment of pelvic position is an important 

component of the rehabilitation process especially when addressing postural and spinal deformities 

(Dubey et al., 2018). The angle of pelvic tilt in quiet standing is defined by the orientation of the 

pelvis in the sagittal plane (Preece et al., 2008). Pelvic orientation, alignment of spinal curvature, 

and coordinated action of paraspinal muscles are essential for maintaining a neutral pelvic position. 

A neutral pelvis is the position that best supports a curve in the lower back (Levine et al, 

1996). Clinically, in excessive pelvic tilting, the pelvis may be in anterior or posterior tilt which 

can put unnecessary stresses on the hip, knee and ankle joints (Levine et al., 1996). Excessive tilting 

can also cause impairments of movements of the low back and hip joint (Kendall et al., 2019). 

Pelvic tilting is also associated with multiple musculoskeletal pathologies (for example: backache) 

(Lim et al., 2013), and this has been related to poor body alignment due to postural compensation 

(for example: increased lumbar curve) (Sahrmann et al., 2002). Clinicians spend much time 

assessing and correcting pelvic orientation because a neutral pelvic position (no excessive anterior 

and posterior tilt) is the most efficient muscle balance position that puts minimal stress on all 

muscle attachments to the pelvis (Preece et al., 2008; Herrington et al., 2011).  

Physical therapists routinely evaluate lumbopelvic position in a relaxed standing posture to 

diagnose spinal and peripheral joint deformities. For instance, if a patient stands with increased 

lumbar lordosis, it can indicate that the patient's abdominal muscles are weak, while the spine's 

extensors and the hip flexor muscles are tight (Takaki et al., 2016). These lumbopelvic muscle 

imbalances can cause an increased anterior tilt of the pelvis and increase lumbar lordosis during 

relaxed standing. Pelvic tilt assessments before and after exercise are critical for correcting 

lumbopelvic muscle imbalance and monitoring exercise progression, so objective assessment of 

pelvic tilt angles is essential (Kendall et al., 2019; Day et al., 1984). 

Measuring the pelvic angle in dynamic movements in a clinical setting is very important. It 

provides physical therapists with information on the patient's exercise performance during 

treatment (Bolinka et al.,2016). To measure the outcomes of an intervention, physical rehabilitation 

evaluations frequently require quantification of body movement over a period while performing 
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functional tasks during rehabilitation. For example, suppose a patient has been prescribed a pelvic 

tilt exercise program. In that case, if there is no data available while performing exercises, the 

clinician cannot give feedback about the patient’s exercise performance and make appropriate 

changes required for an accurate treatment plan. 

In a clinical setting, a reliable tool would be desirable to provide quantitative data during 

assessment to permit a documented change in the pelvic tilt after a specific exercise regimen 

(Gajdosik et al., 1985). Changes in an exercise protocol could be made accordingly if the effects 

of therapeutic exercises can be quantified. Proper execution of exercises targeting the control of 

core muscles often requires correct positioning and control of the pelvis, which can be difficult to 

assess visually by clinicians. For assessing pelvic tilt and the effects of therapeutic exercises, pelvic 

tilt outcome measurements in physiotherapy are rarely measured with standardized tools. The 

current most common approach of assessing pelvic tilt in rehabilitation is based on visual 

observation (Kianifar et al., 2019). Visual evaluation is observational, dependent on clinical 

expertise, and limited to qualitative pelvic tilt data (Kianifar et al., 2019). In the field of 

rehabilitation, a reliable and objective tool to measure pelvic angles is required to give long-term 

analyzable data. 

There are numerous pelvic angle measurement methods available. These include 

radiographic measurements, simple palpation and observation, and various types of inclinometers. 

Radiographic measurements are invasive and costly. Almost all other techniques for measuring 

pelvic tilt in the sagittal plane require palpation of the anterior and posterior superior iliac spines. 

For example, the standard position for the pelvic tilt measurement with inclinometers is in standing. 

There are no studies to date examining the use of these devices in other positions commonly used 

in exercises and treatment. In clinical and rehabilitation settings, inertial measurement units are 

relatively new portable technology capable of angular measurements and are being acknowledged 

for their capacity to detect spine and pelvic movement-related disorders to improve treatment 

planning and recovery tracking (Beange et al., 2019). However, additional research is needed to 

determine the clinical usefulness of IMU systems for pelvic tilt measurements in various static and 

dynamic exercise positions that might offer data to clinicians regarding the patient's exercise 

performance. No studies to date have been conducted to investigate the reliability of IMU to 

measure pelvic tilt when used in various exercise positions. 
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The primary purpose of this study was to evaluate the intra-tester reliability of the 

measurement of pelvic tilt with an IMU system and compare that reliability to a palpation-based 

method. The secondary purpose of this study was to evaluate the concurrent validity of the IMU 

system compared to the palpation method when measuring pelvic tilt. 
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CHAPTER 2: LITERATURE REVIEW 

 

In clinical practice, the degree of pelvic tilt is routinely evaluated because of its relationship 

to pelvic, spinal, and lower limb pathologies. Physical therapists regularly perform therapeutic 

procedures that directly or indirectly affect the standing position and pelvic tilt in the sagittal plane 

in different spinal and pelvic conditions such as backache and excessive pelvic tilts. Physical 

therapists should consider a clinical assessment tool that has been designed to provide reliable 

pelvic tilt data because such data would permit documenting change in the pelvic tilt after a specific 

physical therapy regime (Gajdosik et al., 1985). 

 

2.1 Pelvic Anatomy 

2.1.1 Pelvic Tilt 

During quiet standing, pelvic tilt can be viewed as an angle formed between the horizontal plane 

and an imaginary line extending between the anterior superior iliac spine (ASIS) to the posterior 

superior iliac spine (PSIS) measured in the sagittal plane. The extent of pelvic tilt depends on 

muscular and ligamentous forces that act between the pelvis and adjoining segments of the body 

(Alviso et al., 1998). The pelvis can be considered neutral in a normal healthy population when the 

ASIS is in the same vertical plane as the symphysis pubis (Kendall et al., 2019), (Figure 2.1A). In 

anterior pelvic tilt, the pelvis tilts forward and hip joint flexes, the low back curves anteriorly. As 

a result, lumbar lordosis of low back occurs. In the anterior tilt, or lordotic posture, there is often 

hip flexor tightness along with the abdominal weakness observed. (Kendall, et al., 2019), (Figure 

2.1B). In posterior pelvic tilt, the pelvis moves backward, the hip joint extends, and the low back 

flattens. In the sway-back posture or flat back, there is hip flexor weakness, specifically of the 

iliopsoas and hamstring tightness observed. (Kendall et al., 2019), (Figure 2.1C). 

 

       



5 

 

 

 

                       Figure 2.1:  A) Neutral pelvic tilt B) Anterior pelvic tilt C) posterior pelvic tilt 

 

2.1.2 Pelvic Muscle Anatomy 

The pelvis has muscle attachments from the spine (erector spinae), abdomen (rectus 

abdominis, transverse abdominis, internal Obliques, external obliques) and hip (gluteus maximus, 

iliopsoas, hamstring, and rectus femoris). The posterior pelvic tilt is caused by the muscle action 

of the hip extensors and abdominal muscles group, and the anterior pelvic tilt is produced by the 

action of hip flexor and back extensor muscles group. Literature suggests that lumbar lordosis, 

pelvic tilt, and abdominal muscles are related to each other, such that the weakness of abdominal 

muscles (rectus abdominis) is associated with anterior pelvic tilt and an increased lumbar lordosis. 

Conversely, posterior pelvic tilt is associated with tight hip extensors (hamstrings), tight abdominal 

muscles, and weak back muscles that make the lumbar curve flat (Walker et al., 1987).  

2.1.3 Core Muscle Anatomy 

The abdominal, back muscles, pelvic floor, and diaphragm are referred to as core muscles 

(Huxel et al., 2013). Core strengthening has become an essential part of lumbopelvic rehabilitation 

for treating lumbar, pelvic, and musculoskeletal problems (Huxel et al., 2013). Core muscle 

training may also improve balance and reduce fall risk (Akuthota et al., 2004). 
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2.1.4 Pelvic Range of Motion 

          There is little data in the literature describing the range of motion of pelvic tilt or a typical 

neutral pelvic tilt angle. A study from Thiruvarangan et al., 2017, estimated pelvic complete range 

of motion for healthy adults as 25 +/- 5 degrees. Different studies have evaluated neutral standing 

pelvic tilt in healthy young population which ranged from 6 to 12 degrees (i.e., a slight anterior tilt) 

(Herrington et al., 2011; Gajdosik et al. 1985; Levine et al., 1996; Beardsley et al., 2016).  

2.2 Importance of Pelvic Tilt Measurement in Different Conditions 

         The position and mobility of the pelvis is an integral part of a physiotherapy assessment due 

to a wide range of problems associated with poor pelvic posture, including musculoskeletal 

conditions of the lumbar spine, pelvis, hip, and knee. This is assumed to be due to pelvic 

relationship to other body segments (e.g., hip, and lumbar spine) during movements (Suits, W. H., 

2021). 

         The assessment of pelvic tilt is an essential factor in the treatment of back pain. Anterior 

pelvic tilt can result in lumbar lordosis, stretched abdominal muscles, and strained hip flexors, 

leading to back discomfort (Preece et al., 2008). According to some research, there is a relationship 

between increased lumbar lordosis, back pain, and posterior pelvic tilt exercises that can help 

alleviate back pain (Day et al., 1984; Takaki et al., 2016). On the other hand, some literature 

contradicts the findings of a relationship between increased lumbar lordosis and pelvic inclination 

(Youdas et al., 2000). 

Preoperative pelvic tilt measurement before hip replacement surgery is critical because 

some patients may exhibit varying pelvic tilt depending on their functional hip position, 

contributing to acetabular anteversion and the consequent elevated risk of postoperative hip 

impingement and dislocation (Wang et al., 2020). The preoperative value of the angle should be 

considered to achieve proper acetabular cup placement during total hip arthroplasty planning to 

reduce the risk of dislocation (Blondel et al., 2009).  

In Parkinson’s disease, sagittal balance evaluation provides valuable insights for 

biomechanical understanding of measurement of pelvic parameters such as pelvic tilt and the sacral 

slope is essential due to their therapeutic significance in spinal deformity (e.g., kyphosis) correction 

in Parkinson's disease (Bissolotti et al., 2014). Proper assessment of adaptive spinal mal-alignment 
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in persons with Parkinson’s disease could improve the effectiveness of conservative management 

approaches, including orthotics and exercise (Bissolotti et al., 2014). 

 After a stroke, an inappropriate muscular activity pattern associated with spasticity and 

weakness can cause postural deviations of the trunk and pelvis that affect the postural control 

system. Pelvic assessment is a critical component in stroke rehabilitation to correct postural and 

spinal deformities (Dubey et al., 2018). 

2.3 Pelvic Tilt Analysis Methods 

Several types of approaches have been developed to measure pelvic tilt angle more 

objectively than palpation method only. Most devices require the palpation of ASIS and PSIS 

landmarks including many types of inclinometers, and 3D motion capture systems. The only 

approach that does not need direct palpation is the measurement of pelvic tilt from a radiographic 

image. Inclinometer devices are limited to measurement of static poses only. A 3D motion capture 

system can be used to estimate pelvic tilt angle in both static and dynamic (i.e., during movement) 

situations, but it requires specialized and expensive laboratory equipment that is usually not 

available in a clinical setting (Ismail et al., 2011). IMUs are a relatively new kinematic 

measurement tool that are increasing in popularity. They are tiny, wireless, portable, accurate, and 

simple to use, with the capacity to record angle measurement continuously. IMU systems have 

been proven to measure trunk and hip angle accurately and this approach is often used to determine 

tilting angles relative to gravity or other body segments (Shin et al.,2019). While IMUs still require 

alignment with anatomical structures to provide meaningful measurements, they can provide many 

of the benefits of a complex 3D optical motion capture system (i.e., tracking dynamic movement) 

without the expense and the limitations of a fixed measurement environment. 
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2.3.1 Methods Without Palpation 

 

2.3.1.1 Radiographic Measurement  

Radiographic measurement is the gold standard method for the assessment of pelvic tilt 

(Bierma et al., 2001). It is measured on an antero-posterior view of pelvic radiograph. In this 

method, pelvic tilt can be calculated as the angle between the line joining the hip axis and the center 

of the first sacral vertebra's endplate and a reference vertical line (Bierma et al., 2001). Gilliam et 

al., (1994) determined the reliability and validity of goniometric measurement of the pelvic angle 

compared to radiographic measurement. Radiographic measurements of the pelvic and sacral angle 

using two raters and goniometric measurement of the pelvic angle using a single rater were taken 

from 15 patients with low back pain who had been referred for X-rays. The intratester reliability 

for radiological analysis were high (ICC=0.92) and (ICC=0.95) for the sacral angle and (ICC=0.98) 

measurements of the pelvic angle. 

This method's major disadvantages are the exposure to radiation, its relatively long 

completion time, and the associated cost.  

 

2.3.2 Methods Requiring Observation and Palpation 

 

2.3.2.1 Simple Palpation and Observation Method  

            The most popular and commonly used method among clinicians is the palpation and 

observation technique. The clinician measures the degree of sagittal plane pelvic angle by palpating 

ASIS and PSIS on the same side and comparing the relative PSIS height to the ASIS height in 

standing. Clinicians perform this palpation in a standing position because the pelvis is considered 

neutral during normal standing (Preece et al., 2008). 

The utility of the simple palpation and observational method relies on the ability to reliably 

locate the bony landmarks on the pelvis. The literature suggests relatively low reliability for 

palpating the ASIS and PSIS in the healthy adult population (Kilby et al., 2012; Sutton et al., 2013). 

Kilby et al., (2012) investigated the reliability of the manual palpation method of lumbopelvic bony 

points (4th lumbar spinous process, left and right PSIS) by musculoskeletal physiotherapists. The 

ICC for palpating the left PSIS was low (ICC=0.58), and right was moderate (ICC=0.8). Sutton et 

al., (2013) investigated the manual palpation technique to palpate ASIS and PSIS performed by 
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experienced osteopaths. A hidden 5 mm heel wedge was used to alter the PSIS position, and they 

found low reliability (ICC=0.4) for manual palpation in this study. Fryer et al., (2005), investigated 

inter and intra-tester reliability of ASIS and PSIS palpation during a seated flexion test. In this 

study, the ICC for both ASIS and PSIS palpation was less than 0.24. 

Besides suffering from low reliability, another disadvantage to the simple palpation and 

observation method is that it is generally an observational measurement, and there is no numerical 

data of pelvic angle available (Ismail et al., 2011). 

 

2.3.2.2 Trigonometric Measurement with Palpation 

          Trigonometry analysis is another technique to measure pelvic tilt and is a quantitative 

extension of the basic palpation approach. In this method, the clinician measures the distance 

between ASIS and PSIS and measures the distance from the ASIS and PSIS to the floor. Then the 

pelvic angle is calculated by using a trigonometric equation (Alviso et al., 1988) (Figure 2.2). 

 

                                     

Figure 2.2:  Measurement of pelvic tilt by trigonometric method (Adapted from Preece et al.,2008)  

 

Thiruvarangan et al., (2017) examined the reliability of the trigonometry test. They 

measured the pelvic tilt angle, obtaining posterior and anterior pelvic tilt ranges of motion and the 

total pelvic tilt range of motion in the standing position. As a result of this study, they found that 

trigonometry measurement is a reliable method. They found moderate to good (ICC =0.73 to 0.95) 
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for trigonometry measurement. No study has examined the validity of this method (to our 

knowledge). 

The trigonometric method's disadvantage is that clinicians need to measure distances 

manually and do a trigonometric calculation to get tilt angle and it cannot be used in dynamic 

movements (Ismail et al., 2011). 

 

2.3.2.3 Pelvic Goniometer Measurement with Palpation 

          There are other less standard pelvic angle measurement approaches described in the 

literature. A pelvic goniometer was specifically designed to measure pelvic tilt angle and hip 

flexion in patients who mostly remain in seated positions or are wheelchair bound (Sprigle et 

al.,2003). This goniometer was composed of two components; a pelvic band placed on the iliac 

spines and a thigh bar aligned with the femur. This pelvic goniometer involves four alignment 

components; ASIS, PSIS, greater trochanter, and the thigh bar's end aligned with the femur's 

midline using the lateral epicondyle for reference (Sprigle et al.,2003). The device measures both 

hip angle (with a goniometer) and pelvic angle (with an inclinometer). This study found good 

correlation (ICC=0.93) to measure pelvic tilt and hip flexion angle, respectively, while comparing 

pelvic goniometer and radiographic measurement on 10 healthy adults. This pelvic goniometer was 

explicitly designed for a research study and is not available for clinical assessment (Figure 2.3).    

 

                                               

Figure 2.3:  Measurement of pelvic tilt by pelvic goniometer (adapted from Sprigle et al., 2003) 
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2.3.2.4 Pelvic Inclinometer with Palpation Method 

           Inclinometers have also been developed to measure pelvic tilt. An inclinometer is generally 

comprised of two arms, which are mounted upon the main body. The main body contains a device 

that is sensitive with respect to the direction of gravity, such as an analog level or an electronic 

accelerometer. The device gives the angle between the vertical or horizontal and the line between 

the two inclinometer arms. The output is either a dial analog gauge or a numerical display. The 

clinician palpates the ASIS and PSIS and positions the inclinometer on the ASIS and PSIS and 

takes a reading (Beardsley et al., 2016).  

Beardsley et al., (2016) measured pelvic tilt with a digital inclinometer, and demonstrated 

good inter-rater reliability (ICC=0.81-0.88) and test re-test reliability (ICC=0.88-0.95), (Figure 

2.4). 

 

                                        

Figure 2.4:  Digital inclinometer (Image from: https://www.sub4technologies.com/equipment-solutions/) 

               

Another inclinometer that is designed for the measurement of pelvic tilt is the PALM 

device. The PALM device can be used to measure frontal and sagittal plane pelvic positions. The 

PALM has combined the features of a caliper and an inclinometer. The PALM body contains a 

bubble level in a semi-circular arc with one-degree gradations that range from zero degrees to thirty 

degrees on either side of the midline (Hagins et al., 1998), (Figure 2.5). 
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Figure 2.5:  PALM meter (Image from: https://www.labequipment-manufacturer.com/palm-         

palpation-meter-the-objective-way-to-perform-the-skeletal-allgniment--3781345.html) 

 

 

Herrington et al., (2011) measured the pelvic angle in an asymptomatic population using 

the PALM meter. This study found the PALM to be a reliable (ICC=0.87) instrument to measure 

pelvic tilt in standing. Hagins et al., (1998) also examined the intra and inter-tester reliability of the 

PALM meter among healthy adults during static standing. Intra-tester reliability was high for both 

frontal (ICC=0.84) and sagittal (ICC=0.98) plane measures. Inter-tester reliability was also high 

(ICC=0.89) for sagittal plane measures but moderate (ICC=0.65) for frontal plane measures. For 

inclinometers and the PALM device, no study is available to date for the utility of those devices in 

static versus dynamic poses. 

  

https://www.labequipment-manufacturer.com/palm-%20%20%20%20%20%20%20%20%20palpation-meter-the-objective-way-to-perform-the-skeletal-allgniment--3781345.html
https://www.labequipment-manufacturer.com/palm-%20%20%20%20%20%20%20%20%20palpation-meter-the-objective-way-to-perform-the-skeletal-allgniment--3781345.html
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2.3.2.5 Back Range of Motion Device (BROM) with Palpation Method 

The Back Range of Motion (BROM) device measures lumbar movements (forward flexion, 

extension, side bending, and side rotation) and pelvic inclination. The device consists of 2 plastic 

units: an inclinometer for measuring pelvic inclination and sagittal plane motions and a 

goniometer/compass for side bending and rotational motions (Kachingwe et al., 2005), (Figure 

2.6). 

 

 

Figure 2.6: BROM device (Image: from the company procedure manual      

http://www.spineproducts.com/pdf/BROMII.pdf) 

 

Kachingwe et al., (2005) examined the inter-rater and intra-rater reliability of a BROM 

instrument in a healthy adult population when measuring lumbar spine active planar motions and 

pelvic inclination. Intra-rater reliability for pelvic inclination was moderate to good (ICC=0.79-

0.84), and inter-rater reliability was poor to moderate (ICC=0.55-0.79) for pelvic inclination.  

The disadvantage of a BROM device is that the standard position for pelvic tilt 

measurement with a BROM device is static standing and cannot be used in different exercise poses 

and in dynamic positions. 
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2.3.2.6 3D Optical Motion Capture System of Pelvic Measurement with Palpation 

Computerized optical motion tracking systems can be used to track the three-dimensional 

locations of points in space. These systems are used extensively in gait analysis research and have 

also been used to assess lower limb and lumbopelvic motion during static and functional tasks 

(Leardini et al., 2005).  

          An example of pelvic tilt measurement with an optical motion capture system was presented 

by Levine et al., (1996). They investigated if alteration of the pelvic tilt angle in standing effectively 

changed the angle of lumbar lordosis. Reflective markers, tracked by the motion capture system, 

were used on the pelvis and spine (one marker on each ASIS and the other on the sacrum) to 

measure pelvic angles. Pelvic tilt and lumbar lordosis were measured during three positions: normal 

standing posture, anterior pelvic tilt posture, and posterior pelvic tilt posture. The study reported 

good intra-tester reliability (ICC=0.78-0.95). 

          The main disadvantage of these 3D motion capture systems is that they require expensive 

laboratory equipment and set up. 

2.3.3 Inertial Measurement Unit System (IMU) 

         An IMU is a lightweight, small, and wireless sensor that typically comprises an accelerometer 

that measures linear acceleration, a gyroscope that measures angular velocity, and magnetometers 

that measure relative orientation to the Earth's magnetic field. It can be used to record its 3D 

orientation (i.e., angle) with respect to a fixed reference frame. (Figure: 2.7) 

 

                                                         

Figure 2.7:  Inertial sensors 
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IMU are becoming increasingly popular for measuring human movement. The clinician can 

use this small IMU device to monitor pelvic angles in various positions that are not feasible with 

other traditional equipment (Bolinka et al., 2016). The direct measurement of pelvic tilt angle by 

IMU in static and dynamic positions may improve angle measurement accuracy that gives 

numerical data as compared to other conventional methods such as the palpation or observational 

method (Picerno et al., 2017). The use of IMU to record pelvic tilt may provide a valuable tool for 

clinicians to monitor a patient more accurately and provide better feedback on the movement's 

quality. One possible limitation of these devices is that they need to be fixed carefully to the 

person’s pelvis and not the back such that they are following the pelvic movement and not the trunk 

(Ismail et al., 2011). 

Dynamic pelvic angles recorded with IMU systems have been compared to data from 

motion capture systems during different activities (e.g., walking, sit-to-stand) (Bolinka et al., 2016) 

and during repetitive lumbar flexion and extension movement (Beange et al., 2019). Good 

correlations (ICC=0.80-0.94) were found between these data collection systems for measuring 

pelvic orientation. 

           Wang et al., (2020) investigated the use of IMU to measure pelvic mobility which is a 

critical factor to consider in implant alignment during total hip arthroplasty. Measures of pelvic tilt 

were compared to radiograph measurement in three functional positions: standing, flexed-seated, 

and step-up. This study found a strong correlation (ICC=0.91) between the IMU and radiograph 

measures for the change in pelvic tilt measure from standing to flexed-seated position.  

Current clinical assessment protocols in rehabilitation primarily rely on visual observation 

of the patient's performance of mobility that is subjective or utilizing devices such as inclinometers 

which have limitations in not measuring changes with motion (Kianifar et al., 2019). IMU are well 

suited for angle measurement in clinical settings, as they are small, wearable, capable of long-term 

data recording, and have low cost and low power consumption (Kianifar et al., 2019).  

 

2.4 Purpose and Hypothesis 

The primary purpose of this study was to evaluate intra-tester reliability and precision of 

the measurement of pelvic tilt with an IMU measurement system. We also compared that reliability 

to a palpation-based method collected at the same time. The primary hypothesis was that the intra-

tester reliability for the IMU would be the same or greater than the palpation-based method. The 
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secondary purpose of this study was to evaluate the concurrent validity of the IMU compared to 

the palpation-based method when measuring pelvic tilt. The secondary hypothesis of this study 

was that the IMU would have a good agreement when compared to the palpation-based method. 
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CHAPTER 3: METHODS 

3.1 Study Protocol 

The purpose of this study was to characterize the intra-tester reliability and concurrent 

validity of using an IMU to measure pelvic tilt. The IMU pelvic angles data were compared to 

pelvic tilt data from the standard palpation method (as recorded with an optical motion capture 

system). In this study, the same researcher performed a pelvic tilt measurement two times. All data 

were collected in two lab testing sessions on the same day. In each session, the pelvic tilt was 

measured in three different postures. Each position was further subdivided into two poses based on 

a change in position of one leg. Each pose was performed three times, and data were averaged 

across repetitions. The duration of each session was approximately 60 minutes and participants 

were provided a 10-minute break period between sessions. Overall, the lab testing’s session lasted 

approximately 120 minutes. 

3.2 Participants 

A total of 29 healthy individuals (males n=14, females n=15) who met the inclusion and 

exclusion criteria were recruited to participate in this study. Adult females and males between the 

ages of 18-40 years of age and free of any musculoskeletal condition in the past six months were 

included in this study. Participants with self-reported back pain for the previous six months, self-

reported musculoskeletal problems including spinal deformities such as scoliosis, ankylosing 

spondylitis, and other forms of arthritis affecting the spine and lower extremity, and neuromuscular 

problems such as multiple sclerosis were excluded. 

Recruitment consisted of promoting the research study at various colleges in the University 

of Saskatchewan by putting up posters on notice boards and by announcing the research study on 

the University's website. This study was approved by the University of Saskatchewan Biomedical 

Research Ethics Board for research in human subjects (Bio # 17-09, Appendix B). All participants 

provided their written informed consent prior to data collection.  

3.3 Testing Protocol 

Data collection was done in the Biomechanics of Balance and Movement Lab at the College 

of Kinesiology. When the participant arrived, the preferred lower limb was assessed using the 

Waterloo footedness questionnaire (Lorin et al; 1998, Appendix C). Participants changed into the 
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required clothing for data collection after answering all preliminary questions about exclusion 

criteria such as recent backache or other musculoskeletal conditions. Male participants wore mid-

thigh length stretch shorts and T-shirts, while females wore full leg stretch tights or shorts and T-

shirts. An approximately 12 cm wide elastic belt to attach the IMU sensor was then secured around 

the participant's waist covering the sacral area.  

3.4 Data Collection 

The researcher measured the participant’s height with a stadiometer and weight with digital 

weighing scale. One IMU sensor was attached with a hook and loop fastener to the elastic belt at 

the participant's sacral region. The orientation of the IMU was such that one axis of the sensor was 

visually aligned with the mediolateral axis of the body and another axis was vertically aligned with 

the longitudinal axis of the trunk. Three optical motion capture markers were placed on this IMU 

to locate the position and orientation of the pelvis IMU within the motion capture environment. An 

additional IMU sensor was used in this study for synchronization. For synchronization between the 

IMU data and the optical motion capture data, the research assistant shook the sensor at the same 

time the optical motion capture system was activated to collect the palpation position data using 

custom probes (see section 3.4.1). When the probes were placed on the ASIS and the PSIS (see 

section 3.4.1), data from the motion capture and IMU systems were collected simultaneously for 

two seconds for each pose.  In post-processing, acceleration data from the second IMU was used 

to synchronize the pelvic IMU and optical motion capture data and the average data across the two 

seconds were calculated. All measurements were done on the side of the participant’s preferred 

leg.  

3.4.1 Palpation Probes  

To obtain the locations of the palpation points using the motion capture system, we used 

two calibrated "probes." The probes were constructed using standard, unsharpened pencils with the 

eraser end as the probe tip (Figure 3.1). Marker clusters (four markers each) were attached to each 

probe, and the location of the probe tips with respect to their associated marker cluster was obtained 

before each session through a custom calibration process, described next.  
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             Figure 3.1: Handheld probes with cluster markers used to locate palpation points 

 

3.4.2 Probe Calibration 

The location of the end of the probe with respect to the attached probe tracking markers 

was established through a calibration process. For calibration, a rigid calibration block was used. 

The block had four pre-calibrated points that had known positions relative to the calibration block 

markers. The researcher touched each spot with the probe tip and held it for few seconds while the 

motion capture system recorded the probe marker cluster and the calibration block mark cluster. 

The relative location of the tip of the probe with respect to its cluster was calculated for each of the 

four calibration points and an average location was used. With this calibration data, the global 

location of the tip of each probe could be calculated from the locations of the probe markers.  

 3.4.3 Palpation 

A standardized palpation protocol was used to locate the ASIS and PSIS using the probes. 

The ASIS is the most prominent part of the iliac crest of the hip bone anteriorly. The researcher 

stood to the side of the participant with her finger on the iliac crest anteriorly and distally to locate 

the ASIS. The researcher held this point with their finger and put a small (approximately 2 cm 

diameter) round sticker on the palpated position on the ASIS on the preferred leg side. The sticker 

was used to locate the ASIS later on as the researcher needed two hands to palpate the PSIS. To 

palpate the PSIS, the researcher stood behind the participant and moved their thumb down to the 
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iliac crest and found the prominent point in the two dimples on the lower back and put a sticker on 

the palpated position on the preferred leg side. Then, the researcher placed one probe tip on the 

ASIS and other probe tip on the PSIS where stickers were placed, and pelvic tilt data were collected. 

The stickers were then removed before the next trial.              

In this research study, participants assumed standing, sitting and four-point positions and 

sub poses for each position (Figure 3.2). After assuming each position/sub-pose combination, the 

researcher palpated ASIS and PSIS and placed one probe tip on the ASIS and the other probe tip 

on the PSIS and motion capture system and IMU data were recorded. During standing and sitting 

positions and secondary poses, participants were asked to place their preferred leg side hand on the 

shoulder opposite to the preferred leg, so that the researcher could have room to palpate the ASIS 

and the PSIS of the preferred leg. Participants could also hold a chair to get support during the 

standing position (Figure 3.4). 

 

 

 
 

Figure 3.2: Flow chart showing the different positions (standing, sitting and four point) and sub-

poses for standing (Normal, Knee Raise), sitting (Normal, Knee Raise), Four-point (Normal, 

Straight Leg) used in this research for data collection. Three trials were collected in each 

position/sub-pose combination. 
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 3.4.4 Data Collection Positions and Procedure 

For the standing positions, participants were asked to assume a normal, comfortable 

standing position with both feet on the ground (Figure 3.3 A). Participants also performed a sub-

pose for the standing position (Figure 3.3 B). The sub-pose for standing was with their preferred 

hip and knee flexed to 90̊ angle. Knee and hip joint angles were measured by the researcher with 

the help of a goniometer. 

For the sitting positions, participants were asked to assume a comfortable sitting position 

on an inflated exercise ball. The exercise ball was inflated according to participant's height such 

that their hip and knee joint angles were at approximately 90° while sitting on the ball as measured 

by a goniometer. For the knee angle measurement, the axis of the goniometer was aligned with the 

lateral femoral epicondyle line, the stationary arm of the goniometer was aligned with the greater 

trochanter along the outer thigh, and the movable arm was aligned to the lateral border of the tibia 

along with lower leg. A 65 cm diameter ball was used for all 29 participants (Figure 3.3 C). 

Participants also performed a sub-pose for the sitting position. For the sub-pose, participants raised 

their preferred leg such that they had a 100° hip flexion angle. For the hip angle measurement, the 

axis of goniometer was on the greater trochanter, the stationary arm was parallel to the trunk and 

the moveable arm was parallel with longitudinal axis of the femur in line with the lateral femoral 

condyle (Figure 3.3 D). 

For the four-point position, participants were asked to assume a comfortable four-point 

position with both hands and both knees on the ground (Figure 3.3 E). For the four-point sub-pose 

(four point with hip extension to 0°), participants were asked to assume the four-point position 

(three point of contact, both hands and one knee were supported on the floor) with the preferred 

leg raised directly behind to 0° hip extension (Figure 3.3 F). 
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Figure 3.3: The six different sub-poses used in this study. (A) Standing (Normal), (B) Standing 

(Knee raise), (C) Sitting (Normal), (D) Sitting (Knee raise), (E) Four-Point (Normal), (F) Four-

point (Straight Leg) 

 

3.5 Equipment  

3.5.1 IMU Sensors 

The IMU (OPAL, APDM Inc., Portland, OR) used in this study were light weight (~ 30 g), 

small (~ 2 cm x 2 cm x 0.5 cm) sensors that contained three types of measurement devices; an 

accelerometer which measures linear acceleration, a gyroscope which measures angular velocity, 

and a magnetometer which measures relative orientation to Earth's magnetic field. The sensors 

were set up to communicate wirelessly with a laptop computer running Mobility Lab/Motion studio 

(v 1.0.0.20110261826, APDM Inc., Portland, OR), (Figure 3.5). The sampling rate for these 

sensors was set at 128 Hz. 

3.5.2 Optical Motion Capture System 

An optical motion capture system (VICON, Centennial, CO) was used in this experiment 

to track the locations of the markers fixed to the palpation probes. This optical system had eight 

specialized cameras that tracked the 3D locations of the small (~14 mm diameter) reflective spheres 
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attached to the probes (see 3.4.1). The sampling rate of the optical motion capture system was set 

at 100 Hz. The motion capture system was also used during the probe calibration process (see 

3.4.2). Finally, the motion capture system was used to track the three markers fixed to the pelvic 

IMU. These data were used as an additional reference to help locate the IMU with respect to the 

probes within the motion capture space.  

3.6 Outcome Variables  

In this study, the primary variable was the pelvic tilt angle for each position and sub-pose 

as well as the change in pelvic tilt angle within each pose/sub-pose pair using data from the IMU 

and palpation methods. The mean values and standard deviations for the measured pelvic tilt angle 

across all participants were calculated.  

To measure pelvic tilt from the IMU, the angle between the longitudinal axis of the IMU 

(initially aligned with the longitudinal axis of the trunk) and the global vertical axis was calculated. 

This calculation was used for all positions/sub poses. 

For the palpation method, the locations of the probe tips were first calculated using the 

probe marker cluster data and the probe calibration data. The pelvic tilt angles were then calculated 

as the angle between a line connecting the probe tip palpation points and the global lab horizontal 

plane for sitting and standing and between that line and the global vertical axis for the four-point 

position. This approach is similar to the trigonometric method described earlier (Alviso et al., 

1988). 

As a secondary variable, pelvic width was calculated as an additional check on the 

repeatability of the palpation data from motion capture system as pelvic width should be relatively 

constant regardless of pelvic tilt angle or position change. The pelvic width was calculated as the 

absolute distance between the locations of the ASIS and PSIS as measured with the probes. 

The pelvic tilt and pelvic width data were calculated as the mean value from each two 

second trial (200 sample points for the optical system and 256 sample points for the IMU) and the 

data were averaged across three trials for each position and sub-pose. Positive angles indicated 

anterior pelvic tilt, and negative angles indicated posterior pelvic tilt. 

3.7 Statistical Analysis 

           To assess intra-rater reliability, an intra-class correlation (ICC₃‚₁) was used to assess the 

reliability of the same day pelvic tilt measurements in each pose during sitting, standing, and four-

point positions for normal and knee raise poses. The ICC values were calculated for both IMU and 
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palpation data. The ICC is a relative measure of reliability (Weir.,2005). According to Cohen et 

al., (1988), values between 0 and 0.6 are classified as poor intra-rater reliability, 0.61 and 0.8 

indicated as moderate intra-rater reliability, and above 0.81 represent strong intra-rater reliability 

(Cohen et al., 1988). The minimal detectable difference (MDD) is a measure of the smallest change 

that an outcome measure detects due to a noticeable change in the participant’s performance. 

Unlike the ICC, which is a relative measure of reliability, the SEM provides an absolute index of 

reliability (Weir., 2005). 

    The standard error of measurement (SEM) was estimated using the calculated ICC with equation 

(Weir., 2005): 

𝑆𝐸𝑀 = 𝑆𝐷√1 − 𝐼𝐶𝐶 

where SD is the standard deviation calculated from the ICC ANOVA as: 

𝑆𝐷 =  √
𝑆𝑆𝑇𝑂𝑇𝐴𝐿

(𝑛 − 1)
 

where SSTOTAL is the total sum of squares and n is the sample size (Weir., 2005). The SEM provides 

a measure of absolute reliability. 

The SEM was then used to calculate the minimal detectable difference MDD with 95% 

confidence using equation (Weir., 2005), adjusted for multiple repetitions in each testing session 

(Bonnick et al., 2001): 

𝑀𝐷𝐷 = 𝑆𝐸𝑀 × 1.96 × √2/3 

To investigate the secondary question of concurrent validity, Bland-Altman plots were used 

to analyze the degree of agreement between pelvic angle measurement by IMU and manual 

palpation (Bland et al.,1999). These statistical limits were calculated by mean and standard 

deviations of the differences between two measurements. Results were generated as scatter plots, 

in which the Y-axis showed the difference between the two paired measurements, and the X-axis 

represented the average of these measures. All statistical analyses were performed using SPSS 

(IBM corp, Version 26; 2019). For the normality test we used Shapiro-Wilk’s test in this study. 
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CHAPTER 4:  RESULTS 

4.1 Participant Demographics 

A total of 29 people participated in the study (14 male and 15 female). The classification 

of male and female was done by the researcher based on their own observation of gender expression 

and assumption of cis-gender and no direct questions were asked of participants regarding sex or 

gender. The summary of participants demographics is provided in (Table 4.1). 

Independent t-tests were performed to compare participant demographics. There were no 

significant differences found in the scores for age, height and weight between male and female 

participants (Table 4.1). 

             To test for normality, we used Shapiro-Wilk’s test. Most tilt data were normally distributed 

except for the standing normal for palpation method and the sitting knee raise first session for the 

palpation and IMU. The non-normal distributions appeared to be driven by a few extreme values 

in each case (from different participants). To investigate the influence of these extreme values, they 

were removed from the data set to produce normal distributions and the resulting ICC analysis was 

checked. There were only minor changes in ICC values after removing extreme values so it was 

decided to retain all data in the final analysis and to not perform any transformations.  

 

Table 4. 1 : Participant demographics. SD = standard deviation 

Demographics Mean (SD) 

(n=29) 
Mean (SD) 

Male (n=14) 
Mean (SD) 

Female(n=15) 
p-value 

Age (years) 26.3 (4.8) 24.8 (3.3) 27.8 (5.6) 0.059 
Weight (kg) 72.4 (9.3) 69.6 (10.9) 75.0 (10.3) 0.190 
Height (cm) 168.0 (18.0) 170.8 (7.49) 165.4 (22.9) 0.150 
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4.2 Descriptive Statistics 

Mean pelvic tilt angle data from both the IMU and palpation methods and for both the 

normal and knee raise sub-poses for each of the three conditions during both sessions are presented 

in Table 4.2. In addition, the mean pelvis width measurements, and the mean pelvic tilt difference 

angle between the normal and knee raise poses are presented in Tables 4.3 and 4.4 respectively.  

 

Table 4.2: Pelvic tilt angle measurements from the IMU and palpation methods for all poses and sessions. 

Data are presented as mean (SD) of all participants. 

 

 

 

 

Table 4.3: Pelvic width measurements from the palpation method for all poses and session. Data are 

presented as mean (SD) of all participants. 

 

4.3 Test-Retest Reliability and Precision 

4.3.1 Intraclass Correlations 

       This section presents test-retest reliability for both the IMU, and palpation methods assessed 

with ICC based on the data from session 1 and session 2 (Table 4.4). 

  

Measurement of Pelvic Tilt  

(Sub-Pose, Session) 
    Sitting   Standing    Four Point 

Pelvic tilt IMU: Normal (session 1) 4.0° (2.2) - 13.9° (6.1) - 60.0 ° (11.0) 

Pelvic tilt IMU: Normal (session 2) 4.4° (1.2) - 14.3° (8.5) - 61.1° (11.7) 

Pelvic tilt IMU: Knee Raise (session 1) 11.0° (10.4) -0.6° (8.0) -92.3° (10.3) 

Pelvic tilt IMU: Knee Raise (session 2) 13.0° (10.3) - 1.5° (8.6) -91.7° (10.5) 

Pelvic tilt Palpation: Normal (session 1) 12.8° (5.4) - 3.7° (5.2) -48.7° (8.3) 

Pelvic tilt Palpation: Normal (session 2) 14.0° (5.3) -4.8° (4.4) -49.1° (8.8) 

Pelvic tilt Palpation: Knee Raise (session 1) 22.1° (6.4) 14.1° (6.2) -48.0° (8.4) 

Pelvic tilt Palpation: Knee Raise (session 2) 24.1° (5.5) 13.2° (6.0) -48.9° (9.6) 

Measurement of Pelvic Width  

(Sub-Pose, Session) 
    Sitting   Standing    Four Point 

Pelvic width Palpation: Normal (Session 1) 178.0 (36.0) mm  191.0 (26.4) mm 174 (26.0) mm 

Pelvic width Palpation: Normal (Session 2) 175.3 (29.5) mm 193.0(29.0) mm 172.5(26.8) mm 

Pelvic width Palpation: Knee Raise (Session 1) 172.9 (32.4) mm 181.5(41.1) mm 176.0(32.0) mm 

Pelvic width Palpation: Knee Raise (Session 2) 170.2(33.7) mm 183.5(39.0) mm 175.0(29.6) mm 



27 

 

 

Table 4.4: ICC (between session 1 & session 2) of sitting, standing and four-point during normal and knee 

raise poses measured by IMU and Palpation, also correlation of pelvic width in sitting, standing and four-

point during normal and knee raise poses measured by palpation. 

 

 

Pelvic Tilt   Measurement 
 

     ICC Sitting 
 

ICC Standing 
  

 ICC Four Point 

Pelvic Tilt IMU (Normal) 0.82          0.75 0.77 
Pelvic Tilt IMU (Knee Raise) 0.71 0.76 0.85 
Pelvic Tilt Palpation (Normal) 0.57 0.42 0.87 
Pelvic Tilt Palpation (knee raise) 0.27 0.84 0.78 
Pelvic width Palpation (Normal) 0.84 0.89 0.92 
Pelvic width Palpation (Knee Raise) 0.84 0.79 0.86 

   

IMU measurements for pelvic tilt during sitting normal and sitting knee raise sub-poses 

showed high and moderate test-retest reliability (ICC Normal: 0.82, ICC Knee raise: 0.71) 

respectively. Moderate test-retest reliability was found for the IMU measurements in the standing 

normal and standing knee raise sub-poses (ICC Normal: 0.75, ICC Knee raise: 0.76). Moderate 

test-retest reliability was also found for the four-point normal and high reliability was found for 

four-point knee raise secondary poses (ICC Normal: 0.77, ICC Knee raise: 0.85) (Table 4.4). 

Palpation measurements for pelvic tilt showed low test-retest reliability for sitting normal 

and low reliability for knee raise pose (ICC Normal: 0.57, ICC Knee raise: 0.27). Low test-retest 

reliability was found for the palpation measurement in the standing normal and high in the standing 

knee raise secondary pose (ICC Normal: 0.42, ICC Knee raise: 0.84). High test-retest reliability 

was found for the palpation measurements in the four-point normal and moderate for four-point 

straight leg secondary poses (ICC Normal: 0.87, ICC Knee raise: 0.78) (Table 4.4). 

For the pelvic width measurements, the sitting normal and sitting knee raise poses showed 

high test-retest reliability (ICC Normal: 0.84, ICC Knee raise: 0.84). High test-retest reliability was 

also found in the standing normal and moderate for the standing knee raise secondary poses (ICC 

Normal: 0.89, ICC Knee raise: 0.79). High test-retest reliability was found for the four-point normal 

and four-point knee raise secondary poses (ICC Normal: 0.92, ICC Knee raise: 0.86) (Table 4.4). 
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4.3.2 Standard Error of Measurement and Minimal Detectable Difference 

 

This section includes standard error of measurement (SEM), and minimal detectable 

difference (MDD), calculated to measure precision of the IMU and palpation methods during 

sitting, standing, and four-point positions for normal and knee raise sub-poses (Table 4.5). 

 

Table 4.5: SEM (standard error of measurement) and MDD (Minimal detectable difference) of pelvic tilt 

measurement for sitting, standing and four-point positions during normal and knee raise sub-poses measured 

by IMU and Palpation.    

 

Pelvic Tilt Measurement 

  

Sitting 

 

Standing 

 

Four Point 

 

SEM 

 

MDD 

 

SEM 

 

MDD 

 

SEM 

 

MDD 

Pelvic Tilt IMU (Normal) 7.2° 11.6° 5.2° 8.4° 7.8° 12.4° 

Pelvic Tilt IMU (Knee Raise) 8.0° 12.8° 5.8° 9.2° 5.7° 9.1° 

Pelvic Tilt Palpation (Normal) 5.0° 8.1° 5.3° 8.4° 4.4° 7.1° 

Pelvic Tilt Palpation (Knee Raise) 7.4 ° 11.8° 3.5° 5.6° 6.1° 9.8° 
 

For the IMU method, the SEM and MDD ranged from 5.2° to 8.0° and 8.4° to 12.8° 

respectively. For normal sub-poses the greatest SEM (7.8°) and MDD (12.4°) were found in the 

four-point position and the lowest SEM (5.2°) and MDD (8.4°) were found in standing. For knee 

raise sub-poses, the greatest SEM (8.0°) and MDD (12.8°) were found in the sitting position and 

the lowest SEM (5.7°) and MDD (9.1°) was found in the four-point position (Table 4.5). 

For the palpation method, the SEM and MDD ranged from 3.5° to 7.4° and 5.6° to 11.8° 

respectively. During normal sub-poses, the greatest SEM (5.3°) and MDD (8.4°) were found in the 

standing position and the lowest SEM (4.4°) and MDD (7.1°) were found in the four-point position. 

For knee raise sub-poses the greatest SEM (7.4°) and MDD (11.8°) were found in the sitting 

position and lowest SEM (3.5°) and MDD (5.6°) were found in standing position (Table 4.5). 
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4.4 Measurement Method Comparisons 

4.4.1 Bland-Altman Plots 

Bland-Altman plots were used to analyze the degree of agreement (i.e., concurrent validity) 

between pelvic angle measurement by IMU and manual palpation. 

For the sitting position in session 1, a bias of 8.8 was found for the normal sub-pose and a 

bias of 11.1 was found during knee raise sub-pose, with limits of agreement of 30.9 to -13.3 and 

32.6 to –10.4 during normal and knee raise, respectively. In session 2, a bias of 9.7 was found 

during the sitting normal sub-pose and 11.0 was found during the knee raise sub-pose with limits 

of agreement of 30.6 to -11.2 and 29.5 to -3.4 during the normal and knee raise sub-poses 

respectively (Figure 4.1). 

Figure 4.1: Bland-Altman plot comparing pelvis angle captured using palpation with motion capture and 

IMU   during the sitting position (normal, knee raise). The 95% limits of agreement are shown (green lines) 

and the bias is indicated with the red line (positive value indicates larger measured value from the palpation 

method).          
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        For session 1, during the standing position, a bias of 10.2 was found for the normal sub-pose 

and 14.8 for the knee raise sub-pose with limits of agreement of 24.6 to -4.2 and 28.1 to -3.8 

for normal and knee raise sub-poses respectively. In session 2, during standing, a bias of 9.5 was 

found for the normal sub-pose and 14.8 for knee raise pose with limits of agreement of 29.0 to 

10.0 and 33.8 to -4.2 for normal and knee raise poses respectively (Figure 4.2). 

 

 

 

Figure 4.2: Bland-Altman plot comparing pelvis angle captured using palpation with motion capture and 

IMU during the standing position (normal, knee raise). The 95% limits of agreement are shown (green 

lines) and the bias is indicated with the red line (positive value indicates larger measured value from the 

palpation method). 

 

        For session 1, during the four-point positions, a bias of 11.8 was found for the normal sub-

pose and 18.7 for knee raise pose with limits of agreement of 30.5 to -6.9 and 73 to -15.6 

during normal and knee raise sub-poses respectively. For session 2, during the four-point position, 

a bias of 12.4 was found for the normal sub-pose and 42.8 for the straight leg sub-pose with limits 
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of agreement of 32.6 to -7.8 and 73.3 to -12.3 for normal and straight leg sub-poses respectively 

(Figure 4.3). 

 

 

            

Figure 4.3: Bland-Altman plot comparing pelvis angle captured using palpation with motion capture and 

IMU during the four-point position (normal, knee raise). The 95% limits of agreement is shown (green 

lines) and the bias is indicated with the red line (positive value indicates larger measured value from the 

palpation method). 
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CHAPTER 5: DISCUSSION 

5.1 Summary 

The primary purpose of this study was to evaluate intra-tester reliability and precision of 

the measurement of pelvic tilt with an IMU measurement system and a palpation-based method. 

The secondary purpose of this study was to evaluate the concurrent validity of the IMU compared 

to the palpation method when measuring pelvic tilt. The first hypothesis was that the intra-tester 

reliability and precision for the IMU would be the same or greater than the standard palpation 

method. The second hypothesis of this study was that the IMU would have a good agreement when 

compared to the direct palpation method. In this study, the IMU data showed moderate to good 

reliability, as measured by ICC, for measuring pelvic tilt in different poses. The palpation method 

demonstrated low to moderate repeatability for measuring pelvic tilt in different poses, except in 

all four-point poses and standing knee raise pose, where it showed good reliability. The precision 

of the IMU and palpation methods, as measured by SEM and MDD, were comparable. According 

to the Bland-Altman analysis, the comparison of IMU and palpation based pelvic angle 

measurements were characterized by a consistent measurement bias and relatively large limits of 

agreement across all positions and sub-poses indicating only moderate concurrent validity.  

5.2 IMU Reliability and Precision 

The use of IMU technology to measure pelvic orientation is relatively new. Most of the 

work to date has been in research settings focusing on applications such as the feasibility of using 

an inertial sensor to measure the change in pelvic tilt for screening patients with high pelvic 

mobility in total hip arthroplasty patients (Wang et al., 2020), using an IMU to measure pelvis 

postural alignment in standing individuals with a flat lumbar posture (Shin et al., 2019), and using 

IMU to measure local dynamic stability of the spine and lumbopelvic coordination (Beange, K. H 

et al, 2019). Previous work that comes closest to the current study was by Bolink et al., (2016) who 

used an IMU to measure dynamic pelvic orientation angles during gait, step up, and sit-to-stand 

movements. No study has been done to date to measure the pelvic tilt in different exercise poses 

that would be typically seen in a clinical environment.  

In this study, while standing, the pelvic tilt angle was measured at ranged -13.9° to -14.3° 

with the IMU method. Previous studies looking at pelvic angle measurements in standing for 
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healthy adults found an average pelvic angle ranged of 10.5 to 10.6° using a pelvic inclinometer 

(Beardsley et al., 2016), 6.9° to 7.3° using a PALM device (Hagins et al.,1998) and 10.8 to 11.1° 

using the trigonometric method (Thiruvarangan et al., 2017). The IMU based pelvic angles in the 

current analysis were closest to these studies.  

Previous studies looking at pelvic angle measurement reliability in standing for healthy 

adults found high intra-tester reliability using the PALM device (ICC= 0.98, Hagins et al., 1998), 

a digital inclinometer (ICC=0.88, Beardsley et al., 2016), a 3D motion capture system (ICC=0.78-

0.95, Levine et al., 1996). and when using IMU (ICC= 0.85, Bolink et al., 2016). Good to moderate 

(ICC=0.84 -0.79), and fair to poor (ICC=0.79-0.55) inter-tester reliability was found using the 

BROM device for pelvic inclination (Kachingwe et al., 2005). In this study, we found moderate 

intra-tester ICC values (ICC=0.75-0.76) in standing normal position for the IMU method which 

were generally lower than what were found in other pelvic angle reliability studies using different 

methods and IMU. 

The reason for low ICC in our study in normal and knee raises poses during standing could 

be due to small relative displacements of the IMU sensor itself as the sensor belt was at the sacral 

area and around the pelvis and may not have captured all pelvic motion. We in this study used belt 

to attach sensor. But, in other studies that were closest to this study in design used IMU attachment 

directly on the participant's skin, no one used belt approach (Bolink et al., 2016).         

In our study, reliability during normal poses was moderate, but ICC in knee raise poses 

were low. The reason for the low ICC could be that the knee raise poses were challenging, and the 

variability of performance were likely high while performing those poses. 

We also used SEM and MDD in this study to look at precision. SEM is not as sensitive to 

between-subject variability when compared to ICC. SEM reflects the consistency of scores within 

the individual subject and the MDD is a measure of the smallest change that an outcome measure 

detects due to a noticeable change in the participant’s performance. (Weir, 2005). In the present 

study, the SEM for the standing normal position by IMU was 5.2° and the MDD was 8.4°. Previous 

studies looking at pelvic angle measurement reliability in standing for healthy adults found SEM 

values between 1.1° and 3.4° using a pelvic inclinometer (Beardsley et al., 2016) and SEM values 

between 1.0° and 2.5° using a PALM device (Herrington et al., 2011). These SEM values are in 

the same range or slightly lower that what was found in the current study. The 95% confidence 
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interval for the MDD values (2.5 to 4.8) are also lower than what was found with the IMU 

indicating that the IMU, as implemented in this study, is less precise than the other methods. 

A 25 degree total range of motion for pelvis has been reported in the literature 

(Thiruvarangan et al., 2017). Based on this range, the MDD values that were found in our study 

were between 33 to 50% of the normal pelvic range of motion, suggesting that IMU has a moderate 

clinical utility. 

For the other positions (sitting/four point) and sub-poses (sitting knee raise/four-point 

straight leg), SEM values were generally higher than in standing leading to MDD values in the 9 

to 13 range. Given the variability and novelty of the non-standing poses and the flexed-hip 

positions, the decreased precision is not necessarily unexpected. Given the SEM values, it appears 

that, practically, the IMU would be limited to detecting changes in pelvic tilt above 10. While this 

may seem high, there is a lack of evidence in the literature pointing to what a clinically meaningful 

pelvic angle change might be.  

In this research, we employed normal and knee raise poses to make the positions more 

challenging for both the participants and for the measurements. We included these difficult poses 

in the study because physiotherapists utilise them clinically for pelvic tilt exercises and core 

strengthening exercises (Akuthota et al., 2004). We also added such positions to assess if the IMU 

could measure varied exercise positions reliably. The single IMU system has the potential to 

measure a wider range of poses than traditional palpation-assisted methods because it does not 

require physical contact by the assessor and has the potential to collect static and dynamic 

measurements. 

5.3 Palpation Reliability and Precision 

In the current study, we found generally moderate to poor reliability for measuring pelvic 

tilt using the palpation method. While there are no studies looking at purely palpation-based pelvic 

angle reliability, there are studies that examine the reliability of palpating pelvic landmarks. These 

studies have found moderate (PSIS: ICC=0.58-0.68; Kilby et al., 2012) to poor (PSIS: ICC=0.40; 

Sutton et al. 2013, ASIS: ICC= 0.24; PSIS: ICC =0.08; Fryer et al 2005, ASIS: ICC=0.01 to 0.19; 

PSIS: ICC=0.04 to 0.15; Stovall et al., 2010) reliability when manually palpating the PSIS and 

ASIS in healthy young adult populations. Since these landmarks are required for calculating pelvic 

tilt, one could assume that this low palpation reliability would translate to low reliability for pelvic 

angle measurement, aligning with what was found in this study. 
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In the normal standing position, the SEM and MDD for the palpation method were 5.3° and 

8.4° respectively. Previous studies found SEMs of approximately 1 to 2 and MDDs of 2.5 to 

4.8 using inclinometers which require palpation (Beardsley et al., 2016; Herrington et al., 2011). 

Again, the current study found worse pelvic tilt angle precision values for palpation than has been 

reported for inclinometers, but it is unclear what level of precision is actually needed in a clinical 

context. 

The data from the pelvic width measurements, which are derived from the palpation points, 

showed high reliability. This could be explained by the invariant nature of the pelvic width 

compared to the pelvic angle on any given pose. A possible reason the high pelvic width reliability 

did not translate into the angle measurements might be that small errors in finding the locations of 

the landmarks would have a relatively larger effect on the angle measurement as compared to the 

width calculation. 

Overall, evidence from our study and others (Sutton et al. 2013; Fryer et al 2005) suggests 

that palpation alone has low clinical utility compared to palpation with an instrument such as the 

PALM meter (Cooperstein et al., 2016). Somewhat counterintuitively, the PALM meter relies on 

palpation for placement yet has very good reliability for pelvic tilt measurement in standing 

(Hagins et al., 1998). One possible explanation is that the PALM meter has a caliper placed against 

the top edge of the pelvis every time, which could aid in placement and make the PALM meter 

more reliable. The higher reliability does not necessarily mean it is located on valid landmarks, but 

in comparison to palpation methods that use fingers only, it may touch the different bony 

prominences of the ASIS and PSIS that may improve trial-to-trial reliability and precision. There 

are no studies that directly compare the PALM meter (or other similar inclinometer devices) to 

palpation and observation methods. 

5.4 Concurrent Validity 

According to the Bland-Altman analysis, a consistent 10° bias between pelvic angle 

measurements by IMU and manual palpation was found during standing. A similar bias for pelvic 

angles between IMU and optical motion capture data was observed during sit-to-stand by Bolink 

et al. 2016. This bias is likely a function of the relative offset between the sensor and pelvis 

coordinate systems. The primary anatomical measurement axis on the pelvis runs from ASIS to the 

PSIS. When the IMU is placed on the sacrum, the orientation of the sensor axes is similar to the 

pelvic anatomical axes; however, the sacral surface is likely not completely perpendicular to the 
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ASIS-PSIS axis leading to a physical angular offset about the mediolateral body axis between the 

sensor and pelvis. Some attempt was made in this study to try to correct for this offset by using the 

normal standing angle as a reference, but this approach did not improve either the reliability or the 

concurrent validity with the palpation method. It is likely that this offset varies between individuals 

and may also change between poses. This is an area that requires further investigation. 

Given the poor repeatability (Fryer et al 2005; Sutton et al. 2013; Stovall et al., 2010) and 

accuracy (Kilby, et al, 2012) of pelvic landmark palpation found by this study and others, it is likely 

that the high limits of agreement in the present study were influenced by the unreliable nature of 

palpation method. Future work should consider using a caliper-based measurement system (e.g., 

PALM) as the comparison standard as these appear to be more reliable than simple palpation 

(Hagins et al., 1998). 

The mean change in pelvic angle between the normal and knee raise sub-poses was 

calculated in this study to examine the ability of the measurement methods to detect a change in 

position. Although the mean values in each sub-pose were different between the IMU and palpation 

measurements, both measurement systems detected similar changes in pelvic tilt going from 

normal to knee raise in the sitting and standing positions. This may point to a higher utility in using 

methods such as palpation to detect changes rather than absolute orientations. For the four-point 

position, the pelvic angle change between normal and knee raise was considerably different 

between methods. The different body orientation for the four-point position may be responsible for 

this difference and could be an area for further exploration. 

When trying to determine the clinical applicability of a new tool, Tyson et al., (2009) 

described four criteria that could be used to assess clinical utility. These criteria include the time 

taken to administer, analyze and interpret the measure, the cost, the need for special equipment and 

training and portability. When assessed using these criteria, an inclinometer is similar to an IMU 

in terms of clinical utility. All pelvic tilt measurement methods require a similar amount of time to 

complete, require some training, and are portable. It could be said that the basic palpation method 

has greater clinical utility, as it does not cost anything, but as we observed in this study, the 

palpation method appears to be less reliable than IMU and inclinometer. 
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5.5 Limitations 

There are some limitations in this study; palpation of the ASIS and the PSIS were performed 

by only one trained and experienced researcher, making the results less generalizable. Different 

results might therefore be observed with different raters such as untrained, trained but 

inexperienced raters, and other trained and experienced raters.   

In addition, the participants assessed were young and healthy individuals so data can not be 

generalized to other populations. In the future, this study may be expanded to include various 

exercises in people with neurological and musculoskeletal disorders.  

Furthermore, in this study, we attached the IMU sensor on the elastic belt, and the belt was 

wrapped around the waist of the participants. We chose a belt in this study because it was an 

ecologically valid approach that could be easily implemented in clinical practice. Using the sensor 

attached to the belt, we can say that IMU is a moderately reliable tool to monitor pelvic tilt in 

different poses. The belt did tend to move with respect to its initial placement especially during 

sitting knee raise poses which likely decreased the reliability and precision of the IMU 

measurement. Another approach that might eliminate this source of error would be to attach the 

sensor directly on the participant’s body with two-sided tape as was done in (Bolink et al., 2016). 

The angle measurements obtained from the IMU were calculated by the Mobility Lab 

software using a proprietary sensor fusion algorithm which combines gyroscope and accelerometer 

data. This aspect of the data collection acted like a “black box” system, and it is possible that angle 

measurements with a more advanced fusion algorithm could result more reliable data. 

5.6 Clinical Implication 

Despite the limitations, we believe that a single IMU measurement system could be 

moderately reliable to help clinicians measure pelvic tilt directly in a clinical setting when using 

an IMU on a belt wrapped around the pelvis at the patient’s sacrum level. This compact IMU device 

allows the clinician to assess pelvic angles in a variety of postures that are not possible with other 

types of equipment. Pelvic tilt biofeedback from an IMU device could also be used to design an 

exercise-guided regimen. The use of IMU to record pelvic tilt could be a useful tool for clinicians 

to better monitor a patient's movement quality and provide better feedback. 
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5.7 Conclusion and Future Work 

We can also conclude that the palpation method did not demonstrate good reliability and 

that there was poor agreement between the IMU and palpation approaches. According to the 

literature (Kilby et al., 2012; Sutton et al. 2013; Fryer et al 2005), the typical palpation method for 

measuring pelvic tilt has low reliability; however, the addition of a caliper-based measurement 

device, such as an inclinometer, appears to improve palpation measurement reliability. 

Rather than employing a belt to attach the IMU, future work could examine directly 

attaching an IMU sensor to a participant's sacral area as this would help eliminate the belt 

movement seen in this study. In the future, researchers could also look at pelvic motion 

performance of static and dynamic exercise positions. The current study focused solely on a healthy 

population, but future research could include both healthy and clinical populations. Current 

research focused on intra-tester reliability; it can also be expanded with inter-tester reliability.  
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APPENDIX A 

 

PARTICIPANT INFORMATION AND CONSENT FORM  

        Validation and reliability of inertial sensors to measure pelvic orientation in healthy adults 

PRINCIPAL INVESTIGATOR: Dr. Joel Lanovaz, Associate Professor, College of Kinesiology, University of 

Saskatchewan; joel.lanovaz@usask.ca 

 

STUDENT RESEARCHER:  ShaziaYousuf, Masters Student, College of Kinesiology, University of Saskatchewan 

RESEARCH ASSITANT: Muhammad Yousuf Qasmi 

CONTACT PHONE NUMBER: 306-966-1073 

________________________________________________________________________ 

INTRODUCTION 

You are invited to take part in this research study because you are a healthy adult between 18 and 40 years of age. 

Your participation is voluntary. It is up to you to decide whether or not you wish to take part. If you wish to participate, 

you will be asked to sign this form. If you do decide to take part in this study, you are still free to withdraw at any 

time and without giving any reasons for your decision. 

If you do not wish to participate, you will not lose the benefit of employment, or academic standing, to which you 

are entitled or are presently receiving. It will not affect your relationship with Dr. Lanovaz.  

Please take time to read the following information carefully. You can ask the researcher to explain any words or 

information that you do not clearly understand. You may ask as many questions as you need. Please feel free to 

discuss this with your family, friends or family physician before you decide. 

WHY IS THIS STUDY BEING DONE? 

This study is being done to investigate a new method of measuring the movement of the pelvis during different 

activities. We will be comparing a traditional measurement method with a new technique using a special wireless 

sensor. These inertial sensors use a combination of accelerometers, gyroscopes and magnetometers to measure the 

orientation of body segments. Direct measurement of pelvic tilt angle by IMUs may improve the accuracy and 

reliability of pelvic tilt angle measurements compared to other methods in practice. The major advantage of the 

inertial sensor approach is the availability of continuous readings of pelvic angle during dynamic. The use of IMUs to 

continuously record pelvic tilt may provide a useful tool for clinicians to monitor a patient more accurately and 

provide better feedback on the quality of the movement. 
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WHO CAN PARTICIPATE IN THE STUDY? 

You are eligible to participate in this study if you are between the ages of 18-40 years with no existing medical 

condition that may affect your ability to perform different exercise postures. You are not eligible if you have had back 

pain within the last 6 months or if you have any musculoskeletal problems including spinal deformities such as 

Scoliosis, ankylosing spondylitis and other form of arthritis affecting the spine or lower extremities. You must also be 

free of neuromuscular problems such as multiple sclerosis. You must also be able to understand the information 

within this form as well as the instructions provided to you by the researchers. 

WHAT DOES THE STUDY INVOLVE? 

If you choose to participate in this study you will come for one visit to the Biomechanics of Balance and Movement 

lab located in Room 355 in the Physical Activity Complex at the University of Saskatchewan. Once you have signed 

the consent form, you will be asked to change into a t-shirt and either compression shorts (e.g. bike shorts) or tights 

and bare feet. You can either bring your own clothing or we can supply the clothing for you. We will then measure 

your height and weight and record your birth month and year. You will also fill out a short questionnaire to determine 

which lower limb we will test. 

We will then place three small IMU sensors on you to measure your movement. Two will be placed on belts around 

your waist and another will be secured to your chest with some light straps 

Once that is complete, you will perform a series of six different still poses: standing, standing with one leg raised, 

kneeling on hands and knees, kneeing on hands and knees with one leg raised, sitting on an inflated exercise ball and 

sitting on an exercise ball with one leg raised.  For each pose, the researcher will feel, using slight pressure from their 

fingers, on the side of your hip for two spots that will be used to measure the angle of your pelvis. The researcher 

will place small adhesive stickers on the two spots.  The researcher will then hold two small, rounded pointers lightly 

against each point.  The points are tracked using a video-based 3D motion capture system housed in the lab.  The 

motion capture system only records the locations of the pointers and does not take any pictures. The information 

from the motion capture system will be used to assess the accuracy of the IMU sensors. You will assume each pose 

three times in a row and measurements will be done each time. 

After all, six poses have been measured three times, there will be a 10-minute break before all of the measurements 

are repeated a second time. You will repeat all poses twice to allow the estimation of intra tester reliability or 

reliability of the measurement performed by the single tester. Intra tester reliability gives an indication how well a 

measurement can be repeated by a tester. 

With your permission, digital photographs or video may be taken during the data collection for research and/or 

educational purposes.  These will be altered so that you cannot be identified. 

The entire data collection should take approximately 90 to 120 minutes to complete. 

WHAT ARE THE BENEFITS OF PARTICIPATING IN THIS STUDY?  

 

If you choose to participate in this study, there may not be any direct benefits to you. It is hoped the information 

gained from this study can be used in the future to develop better ways to measure pelvis movement in training and 

rehabilitation settings. These benefits are not guaranteed. 
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ARE THERE POSSIBLE RISKS AND DISCOMFORTS? 

If you choose to participate in this study, it possible that you will feel some fatigue. The straps used to attach the 

sensors may cause some mild discomfort when performing the activities. Additionally, the stickers used to mark the 

measurement points may cause a mild, temporary skin irritation. If you have sensitive skin, please let the researchers 

know before the study begins. 

WHAT HAPPENS IF I DECIDE TO WITHDRAW? 

Your participation in this research is voluntary. You may withdraw from this study at any time. You do not have to 

provide a reason. There will be no penalty or loss of benefits if you choose to withdraw. Your future employment or 

academic status will not be affected.  

If you choose to enter the study and then decide to withdraw later, all data collected about you during your 

enrolment will be retained for analysis.  

 

WILL I BE INFORMED OF THE RESULTS OF THE STUDY? 

The researchers have the intention to present the results of this study at academic conferences and publish the 

results in peer-reviewed academic journals. When the study is complete the student researcher will send you a 

summary of the findings if you wish. This can be done either by e-mail or regular post. 

WHAT WILL THE STUDY COST ME? 

You will not be charged for any research-related procedures. In appreciation for your time, you will receive a $10 Tim 

Horton’s gift card for participating in this study. You will not receive any other compensation, or financial benefits for 

being in this study, or as a result of data obtained from research conducted under this study. 

 

WHAT HAPPENS IF SOMETHING GOES WRONG? 

In the unlikely event of an adverse effect arising related to the study procedures; necessary medical treatment will 

be made available at no additional cost to you. As soon as possible, notify the research team. By signing this 

document, you do not waive any of your legal rights. 

WILL MY TAKING PART IN THIS STUDY BE KEPT CONFIDENTIAL? 

Your confidentiality will be respected.  No information that discloses your identity will be released or published 

without your specific consent to the disclosure.  You will be assigned an ID code within all research records to 

preserve anonymity.  However, research records and medical records identifying you may be inspected in the 

presence of the Investigator or his or her designate by representatives of the University of Saskatchewan Research 

Ethics Board for the purpose of monitoring the research. However, no records, which identify you by name or initials, 

will be allowed to leave the Investigators' offices. The results of this study may be presented in a scientific meeting 

or published, but your identity will not be disclosed. Data from this study will be kept for a minimum of 5 years. 

WHO DO I CONTACT IF I HAVE QUESTIONS ABOUT THE STUDY? 

If you have any questions or desire further information about this study before or during participation, you can 

contact Joel Lanovaz at 306-966-107. 

If you have any concerns about your rights as a research participant and/or your experiences while participating in 

this study, contact the Chair of the University of Saskatchewan Research Ethics Board, at 306-966-2975(out of town 

calls 1-888-966-2975). The Research Ethics Board is a group of individuals (scientists, physicians, ethicists, lawyers 
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and members of the community) that provide an independent review of human research studies. This study has been 

reviewed and approved on ethical grounds by the University of Saskatchewan Research Ethics Board.  

                                                 

 

                                                     CONSENT TO PARTICIPATE 

 

Validation and reliability of inertial sensors to measure pelvic orientation in healthy adults 

o I have read the information in this consent form. 

o I understand the purpose and procedures and the possible risks and benefits of the study.  

o I was given sufficient time to think about it. 

o I had the opportunity to ask questions and have received satisfactory answers. 

o I understand that I am free to withdraw from this study at any time for any reason and the decision 
to stop taking part will not affect my future relationships. 

o I give permission to the use and disclosure of my de-identified information collected for the research 

purposes described in this form. 

o I understand that by signing this document I do not waive any of my legal rights. 

o I will be given a signed copy of this consent form. 

 

I give permission to be contacted for future studies conducted by this research group if they suspect I would be 

eligible 

                                                               Yes     No 

I agree to be photographed and/or have video taken of me during this study for research and/or educational 

purposes.  I understand that the photographs will be altered so that I cannot be identified. 

 

 Yes     No 

Contact information (to be used to send you a summary of results when available)  

E-mail address: ________________________________________ “OR” 

Mailing address: _________________________________________________________________ 

Printed name of participant:                                                            Signature          Date  

 

Printed name of person obtaining consent:                                    Signature                    Date  
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APPENDIX C 

WATERLOO FOOTEDNESS FORM 

Participant ID Code:     _________ 
 
Instructions:  
 
Answer each of the following questions as best you can. If you always use one foot to perform the described 
activity, circle Ra or La (for right always or left always). If you usually use one foot circle Ru or Lu, as appropriate. If 
you use both feet equally often, circle Eq.  
 
Please do not simply circle one answer for all questions, but imagine yourself performing each activity in turn, and 
then mark the appropriate answer. If necessary, stop and pantomime the activity.  
 
1. Which foot would you use to kick a stationary ball at a target straight in front of you?     La   Lu   Eq   Ru   Ra 
 
2. If you had to stand on one foot, which foot would it be?   La   Lu   Eq   Ru   Ra 
 
3. Which foot would you use to smooth sand at the beach?  La   Lu   Eq   Ru   Ra 
 
4. If you had to step up onto a chair, which foot would you place on the chair first?  La   Lu   Eq   Ru   Ra 
 
5. Which foot would you use to stomp on a fast-moving bug?  La   Lu   Eq   Ru   Ra 
 
6. If you were to balance on one foot on a railway track, which foot would you use?   La   Lu   Eq   Ru   Ra 
 
7. If you wanted to pick up a marble with your toes, which foot would you use?  La   Lu   Eq   Ru   Ra 
 
8. If you had to hop on one foot, which foot would you use?  La   Lu   Eq   Ru   Ra 
 
9. Which foot would you use to help push a shovel into the ground?  La   Lu   Eq   Ru   Ra 
 
10. During relaxed standing, people initially put most of their weight on one foot, leaving the other leg slightly bent. 
Which foot do you put most of your weight on first?  La   Lu   Eq   Ru   Ra 
 
11. Is there any reason (i.e. injury) why you have changed your foot preference for any of the above activities?  
 
YES NO (circle one) 
 
12. Have you ever been given special training or encouragement to use a particular foot for certain activities?  
 
YES NO (circle one) 
 
13. If you have answered YES for either question 11 or 12, please explain:  
 
(From: Elias, L. J., Bryden, M. P., & Bulman-Fleming, M. B. (1998). Footedness is a better predictor than is 
handedness of emotional lateralization. Neuropsychologia, 36(1), 37-43) 
 
 
 
 


