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The reliability of video fluoroscopy, ultrasound imaging, magnetic 

resonance imaging and radiography for measurements of lumbar spine 

segmental range of motion in-vivo: A review 

Abstract 

Background: Lower back pain (LBP) is a principal cause of disability 

worldwide and is associated with a variety of spinal conditions. Individuals 

presenting with LBP may display changes in spinal motion. Despite this, the 

ability to measure lumbar segmental range of motion (ROM) non-invasively 

remains a challenge.  

Objectives: To review the reliability of four non-invasive modalities: Video 

Fluoroscopy (VF), Ultrasound imaging (US), Magnetic Resonance Imaging 

(MRI) and Radiography used for measuring segmental ROM in the lumbar spine 

in-vivo. 

Methods: The methodological quality of seventeen eligible studies, identified 

through a systematic literature search, were appraised.  

Results: The intra-rater reliability for VF is excellent in recumbent and upright 

positions but errors are larger for intra-rater repeated movements and inter-rater 

reliability shows larger variation. Excellent results for intra- and inter-rater 

reliability are seen in US studies and there is good reliability within- and 

between-day. There is a large degree of heterogeneity in MRI and radiography 

methodologies but reliable results are seen. 

Conclusions: Excellent reliability is seen across all modalities. However, VF and 

radiography are limited by radiation exposure and MRI is expensive. US offers a 

non-invasive, risk free method but further research must determine whether it 

yields truly consistent measurements. 

Keywords: kinematics, back, spine, measurement, reliability. 

 

 

 

 

 



3 

 

1. Introduction 

Lower back pain (LBP) is the principal cause of disability worldwide and the sixth 

leading contributor to overall disease burden [1]. LBP affects approximately 540 

million people globally at any one time [2]. International studies have reported LBP 

point prevalence rates between 12 and 35% and lifetime prevalence rates ranging from 

49 to 80% [3]. As a result, LBP is one of the most common reasons for an individual to 

seek medical attention [4]. In the United Kingdom alone, the estimated direct cost of 

healthcare for LBP exceeds £1 billion per year [5]. 

Despite this substantial economic burden, the pathophysiology of LBP is poorly 

understood [6]. However, evidence suggests individuals commonly display differences 

in movement behaviour [7–9], some of which are believed to reflect changes in 

segmental spinal motion [10,11]. In support of this, Haxby-Abbott et al. (2006) [12], 

demonstrated that LBP was associated with a reduction in segmental sagittal range of 

motion (ROM). In comparison, Kulig et al. (2007) [10], found that LBP was associated 

with an increase in segmental sagittal ROM.  

Therapeutic models of LBP assessment and treatment across a range of 

professions are firmly embedded in this notion of change in segmental ROM. In 

addition, segmental ROM assessment is also critical for enhancing the understanding of 

existing spinal diseases, aiding spinal diagnoses and evaluating contemporary treatment 

or surgical intervention. For these reasons, the measurement of lumbar spinal ROM is 

clinically important [13], yet the ability to measure an individual’s segmental ROM 

non-invasively remains a challenge [14]. 

Kinematics of the lumbar spine have been studied using a range of techniques 

including implantable bone pins [15,16] and implanted ball bearings [17]. However, due 

to the invasive nature of these methods, they are unlikely to become routine clinical 
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practice. Non-invasive methods including radiography [18], video fluoroscopy [19,20], 

magnetic resonance imaging [21,22] and ultrasound [23] are alternate methods reported 

in the literature. However, to date, no contemporary synthesis of the literature exploring 

these non-invasive methods to assess segmental ROM has been completed. 

Understanding these current methods will provide insight into, and future direction for, 

the tools required for exploration of long held segmental ROM notions and a step 

change in the use of imaging for spinal pathologies. 

The purpose of this study was to review the reliability of four current non-

invasive modalities (Video Fluoroscopy (VF), Ultrasound (US) imaging, Magnetic 

Resonance Imaging (MRI) and Radiography) used for measuring segmental ROM in the 

lumbar spine in-vivo, through systematic examination of the literature. This study will 

form a definitive reference resource for clinical research into segmental ROM 

measurement aiding clinical researchers in selecting the most appropriate measurement 

methods for their application.   

2. Materials and Methods 

This review followed the Preferred Reporting Items for Systematic Reviews and Meta-

Analyses guidelines [24]. 

2.1 Search Strategy 

In January 2021, a systematic literature search of electronic databases including: 

CINAHL complete, Academic Search Ultimate, MEDLINE Complete, ScienceDirect, 

Complementary Index, PsycINFO and Supplemental Index was conducted using key 

terms and Boolean logic for each modality, as listed in Table 1. Each search was limited 

to peer-reviewed articles, published in the English language. Table 1 shows the number 
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of articles yielded for each modality after exact duplicates were removed. 

Articles were initially screened by title, abstract, and where necessary full text, 

against inclusion and exclusion criteria (as listed in Table 2) by the first author; with 

any uncertainty resolved by consensus (ED, JW). All studies deemed appropriate for 

this review were also checked and confirmed by an additional author (JW). A detailed 

flow chart of the search can be seen in Figure 1. 

2.2 Inclusion and exclusion criteria 

Studies needed to investigate segmental ROM of the lumbar spine in-vivo (human 

participants) using VF, US, MRI or Radiography. Consideration of the modality’s 

psychometric properties was also required by the articles. For the purpose of this review 

this means studies had to explore characteristics of reliability and validity, such as 

repeated measures reliability and estimates of error. See Table 2 for detailed inclusion 

and exclusion criteria and Table 3 for reasons for article rejection. 

2.3 Quality assessment 

Critical appraisal of the methodological quality of each article was completed by the 

first author using an assessment tool for observational cohort and cross-sectional 

studies, taken from the National Heart, Lung and Blood Institute [25]. The appraisal 

criteria consisted of 14 questions that could be answered yes, no, cannot determine, not 

applicable or not reported. Then, an overall quality rating was given based on these 

answers. The results can be seen in Table 4. This tool was used because its design draws 

focus to the key concepts of a study; facilitating evaluation of its internal validity [25]. 
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3. Results 

A total of 17 studies were eligible for this review [23,26–41]. Table 5 summarises the 

data extracted and Table 6 summarises the findings. 

Six studies used VF to measure ROM [28,33–35,38,40], five used radiography 

[26,27,29,30,32], four articles used US imaging [23,36,37,39], and two citations 

investigated MRI [31,41]. However, Chleboun et al. [23] also included MRI results as a 

gold standard comparator for US. 

Overall, 600 participants were included in this review; of which at least 289 

were male and 243 were female. Two studies [26,41] did not report the breakdown of 

male to female participants. 250 participants were symptomatic whilst 350 were classed 

as healthy or asymptomatic. 

Most studies involved only healthy participants [23,26,28,36–40], whereas some 

had a mixture of symptomatic and asymptomatic individuals [33–35,41] and others 

studied specific populations [27,29–32]. These included participants with LBP [27,31], 

spondylolisthesis [32], monosegmental degenerative disc disease [29] and 

monosegmental total disc replacement [30]. 

Articles measured segmental ROM during flexion and/ or extension [23,27,29–

36,38]. Others investigated flexion, extension and side flexion [28,40], two studies 

[37,39] quantified motion of the lumbar spine from three static positions; whilst one 

study looked at neutral positioning and lateral bending motion [26]. 

The psychometric properties of each modality analysed varied between 

reliability [23,26–30,32–35,38–41] or a combination of reliability and validity 

[31,36,37]. All but five studies [26–30] used intra-class correlation coefficient (ICC) as 

a metric of reliability. Additional outcomes studied amongst the articles were standard 

error of measurement (SEM) [26,31,32,34–36,38], co-efficient of variation (CoV) 
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[23,41], pearson correlation coefficient (PCC) [29,30], kappa [26], root mean square 

error (RMSE) [28] and minimal detectable change (MDC) [36,37,39,40]. 

All studies had an overall quality rating of fair or good based on the 14-point 

appraisal checklist [25] but demonstrated similar methodological flaws and thus, shared 

common threats to validity. 

3.1 Methodological Analysis 

Only three studies [34,36,38] justified their sample size or provided a description of 

study power. This methodological element is important to ensure an adequate number of 

participants are studied to yield valid estimates of reliability. As sample size varies 

considerably across the studies, it is likely that the power also varies significantly and 

this should be considered when extrapolating the findings. 

All studies, excluding five [29,30,38,40,41] took ROM measurements from 

images at only one stage during the study period, thus exploring within-day repeated 

measures reliability. Whilst this is likely to result in more consistent movement patterns; 

conclusions regarding reliability of between-day repeated movements are not possible. 

Additionally, aside from two studies [34,40], key potential confounding 

variables were not reported. Confounding factors are characteristics which may 

influence the dependant variable and thus, alter the findings of a study. For example, US 

imaging can be more difficult in individuals with a high body mass index (BMI) [42] 

and likewise, this category of participants may require a stronger radiation dose for VF 

[43] and radiographs [44]. Similarly, the quality of MRI images can be affected by 

permanent cosmetics, including tattoos [45]. In the absence of the consideration of 

confounding factors, it is difficult to determine if their presence or absence affected the 

results. 
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3.2 Reliability  

3.2.1 Video Fluoroscopy 

3.2.1.1 Segmental ROM values 

Segmental ROM of flexion across the studies were similar, ranging from 4.05⁰ to 7.10⁰ 

for lying [34,35,40] and 9⁰ to 14⁰ for standing [40]. Extension has been less frequently 

studied with segmental ROM values of 4.11⁰ to 5.31⁰ [34], 2.00⁰ [35], 5.33⁰ for lying 

and 2.01⁰ in standing [40]. Landel et al. [31] and Sui et al. [33] did not report individual 

segmental ROM values.  

3.2.1.2 Intra-rater reliability of segmental ROM measurement 

In VF, automated tracking algorithms are commonplace; where bony boundaries are 

automatically tracked by a computer from which ROM calculations are made [46]. In 

most cases, an operator is required to manually mark the first image, or few images, 

from which the tracking algorithm commences [47]. This manual identification is 

known to be an important source of error both between individuals and within 

individuals [48]. To this end, a body of work has concentrated on quantifying the 

variability this manual marking of images affords [28,46,48]. The methodology 

involves participants completing one movement in the fluoroscope, from which multiple 

mark ups and analysis are completed. This is either repeated by the same individual or 

between individuals.  

Using a mixture of individuals with pathology and those asymptomatic, Yeager 

et al. [35] demonstrated excellent reliability (ICC 0.98, CI95% 0.98-0.99, SEM 0.10⁰, 

SEM% = 2% for flexion, 5% for extension) for the same investigator repeatedly 
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marking-up and processing the same VF sequences. These included sagittal plane 

motions only and were a mixture of upright and recumbent movements. Similar findings 

were reported by Mellor et al. [34] for lying motion, where excellent reliability was 

established for sagittal plane motions (ICC 0.92-1.0, CI95% 0.72-1.0, SEM 0.10⁰ to 

0.35⁰, SEM% = 3% flexion, 8% extension). In addition, similar findings have been 

reported for recumbent side bending movements where ICCs ranged from 0.99-1.0, 

CI95% 0.95-1.0, SEM 0.08⁰ to 0.17⁰, SEM% = 3% lateral bending [34].  

These results demonstrate that if the same individual marks up and processes the 

images; VF can be used to reliably measure lumbar sagittal ROM in recumbent and 

upright as well as, recumbent side-bending with a small SEM.   

3.2.1.3 Inter-rater reliability of segmental ROM measurement 

Investigation of the inter-rater reliability of processing the same images show sagittal 

ICC values remain good-to-excellent but are slightly lower for extension (ICC 0.74-

0.99, CI95% 0.23-0.99) [34], Yeager et al. [35] (ICC 0.96, CI95% 0.95-0.97). It should 

be noted that the confidence interval for extension was large; with lower estimates 

suggesting poor reliability. In addition, the SEM values were also higher at 0.22⁰ (or 5% 

flexion and 11% for extension) [35], and 0.17⁰ to 0.31⁰ for flexion (or 7%) and 0.27⁰ to 

0.77⁰ for extension (or 19%) [34]. It is not clear why Yeager et al. [35] have much lower 

SEMs compared with Mellor et al. [34] but it is apparent that Mellor et al. [34] 

contained outliers for extension which could have affected results. Furthermore the 

presented percentage SEM of 19%, reported at L2/3 by Mellor et al. [34], is the largest 

expected. It is possible that this was at the upper edge of their fluoroscope and therefore, 

was affected by image quality. Comparatively, Yeager et al. [35] investigated L1/2 as 

their upper segment; suggesting a wider field of view. To this end, the L4/5 segment 
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assessed by Mellor et al. [34] affords much better reliability for extension measurement 

(ICC 0.99, CI95% 0.96-1.0, SEM 0.27⁰, SEM% = 5%).  

Altogether, these results indicate that larger variation is seen when different 

individuals process the same VF motion sequences, even though automated algorithms 

are used. Nevertheless, the ICCs remain good-to-excellent. Furthermore, although some 

larger errors are noted for extension; errors were small, especially for flexion.  

3.2.1.4 Repeated Movements 

The measurement of repeated movements is not common in VF research, presumably 

due to repeated participant exposure to radiation. However, establishing this enables 

more than just the error in marking up of VF images to be explored. Humans have a 

natural variance in movement [49,50], and this variance needs quantifying prior to any 

methods being employed for repeated measures in clinical studies. To date, only one 

study has investigated this. Breen et al. [28] conducted a baseline measurement and 

follow-up measurement approximately 30 minutes later. Unfortunately, due to some 

technical issues, repeated measures reliability was only reported for side bending; with 

RMS errors of 2.75⁰ to 2.91⁰ [28]. Raw data ranges were not reported but using those 

from Mellor et al. [34], who had a similar methodology; this represents around 52% 

error.  

As a result, even with the same individual marking up images, this suggests that 

errors are quite large when exploring repeated measurements with VF. 

3.2.1.5 Between-day reliability 

To explore between-day reliability some studies have taken a VF sequence, processed it 

and then reprocessed it sometime later to explore between-day intra-rater reliability 
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[38]. Excellent reliability for all vertebral levels was established with SEM values 

between 0.23⁰ and 0.54⁰ [38]. However, this just represents errors associated with 

processing, rather than the additional biological variation of repeated movements. 

This variation has been recently studied in 55 participants and over 200 motion 

segments, both in lying and standing, without pain or known pathology [40]. ICC values 

suggest excellent reliability (0.80 for lying flexion and extension, 0.82-0.91 for standing 

flexion and extension) and small confidence intervals (lowest ICC 95%CI = 0.74) [40]. 

Rather than reporting SEM, the authors chose to present the MDC at the 95% 

confidence level (MDC95). The MDC95 values are high suggesting significant variance 

in the repeated measurements. For example, the MDC95 value for flexion in lying was 

4.66⁰ [40]. This means that with 95% confidence, a change greater than 4.66⁰ represents 

true change beyond normal variation expected with repeated testing. The total range 

measured was 5.14⁰ [40] thus, a change of 4.66⁰ on 5.14⁰ indicates 91% change is 

needed before there is confidence that this represents real change. As percentages, the 

magnitude of MDC95 was 91% for flexion in lying, 97% for extension in lying, 100% 

for flexion in standing and 176% for extension in standing [40]. Therefore, a change 

from 9.1⁰ average flexion in standing to over 18⁰ would be required to provide 95% 

confidence that is was true change beyond natural variation. Previous studies would 

suggest this may not be physiologically possible or at least, puts the segmental ROM in 

the top 2% of normal [34]. Similar findings were observed for side bending with good 

ICC values but high MDC95 values (60-69% lying, 97-98% standing) [40].  

In summary, it is clear that within-day reliability of marking up and processing 

VF sequences is excellent for both intra- and inter-rater. However, the intra-rater 

reliability of measuring repeated movements within-day demonstrates larger errors, and 

these are even greater when investigating between-day reliability. Therefore, if using 
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VF to investigate interventional changes across days, large change in segmental ROM 

are needed to be sure these are greater than natural variability. This suggests low 

sensitivity to change of measuring repeated movements with VF. 

3.2.2 Ultrasound 

3.2.2.1 Segmental ROM values 

In order to quantify segmental ROM using US, many studies [23,37,39] opted to 

visualize and then measure the linear distance between two adjacent spinous processes. 

Therefore, reporting of segmental ROM was commonly as a linear distance 

measurement in the units of millimetres (mm). Three studies investigated a ‘neutral’, 

flexed and extended position in either prone [37,39] or supine [23]; whilst the other 

study investigated ‘neutral’ in standing and forward bending motion [36].  

Values for spinous process separation in flexion ranged from 25.6mm to 

32.3mm [23] and 29.2mm to 30.1mm [37]. Distance measures for extension ranged 

from 21.5mm to 26.9mm [23] and were reported only in this study. Actual flexion 

ROM, taken from neutral, ranged from 3.0mm to 4.4mm and were only reported in one 

study [23]. Segmental ROM was reported in degrees for Cuesta-Vargas [36] using an 

image rotation method; yielding values of 15.4⁰ to 16.3⁰ for segmental ROM during 

flexion.  

3.2.2.2 Intra-rater reliability of segmental ROM measurement  

Intra-rater reliability estimates were reported as excellent by Chleboun et al. [23] (ICC 

0.94, CI95% 0.85-0.97), Tozawa et al. [39] (ICC CI95% 0.963-0.999) and good-to-

excellent (ICC CI95% 0.79-1.0, or with one examiner removed CI95% = 0.92-1.0) by 
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Tozawa et al. [37]. Small coefficient of variances have been reported (1.8%) [23], along 

with moderate MDC95 values of 0.29mm (around 10%) [37]. However, these could be 

as large as 1.8mm (around 60%) [39] based on segmental ROM of 3.0mm. 

Both Tozawa et al. [37] and Chleboun et al. [23] positioned the participant in 

one position and collected all three measurements in that same position prior to then 

moving onto the new position, henceforth eliminating the biological variation of 

repeated movement measurements. Nevertheless, this method doesn’t replicate the type 

of method required to determine the repeated measures reliability that is more normal in 

biomechanical studies. This includes the biological variation of the human completing 

repeated movements. 

3.2.2.3 Inter-rater reliability of segmental ROM measurement 

Inter-rater reliability was explored in two studies [37,39] with good-to-excellent 

reliability reported by Tozawa et al. [37] depending on the measurement method (ICC 

0.914, CI95% 0.80-0.97; ICC 0.725, CI95% 0.55-0.87) and excellent reliability seen in 

their follow up study (ICC 0.969, CI95% 0.90-1.00) [39].  

3.2.2.4 Repeated movements 

Only one study investigated repeated movements (flexion) measured with US [36]. 

Excellent estimates of reliability were reported for both within-day (CI95% = 0.995-

0.999) and between-day (CI95% = 0.996-0.999) [36]. Moreover, MDC95 estimates 

were made from the SEM reported in the article (SEM = 0.54⁰, MDC95 = 1.5⁰ or 10%) 

[36], indicating change greater than 10% would represent true change.  

Overall, these US results show that if the same individual captures repeated 

images without altering the participant’s position; excellent intra-rater reliability should 
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be expected. This expectation is further extended to between individuals. In addition, 

MDC95 values could be up to 60%, but these have not been established for between 

individuals. Consequently, this is an important consideration when designing test-retest 

studies. The values of MDC95 provide estimates as to the sensitivity of change, which 

is important when designing future experiments. Lastly, repeated movements have been 

less well investigated but estimates from a single study show promising reliability 

within- and between-day.  

3.2.3 MRI 

3.2.3.1 Segmental ROM values 

The studies included in this review focussing on MRI often had primary aims not 

aligned to proving the utility of MRI for segmental ROM testing. Some used it as a gold 

standard comparator [23], others for validity of manual therapy [31]. Only Mahato et al. 

[41] focused on segmental ROM.  

The distance between spinous processes were reported as a surrogate of flexion 

and extension with values ranging from 24.6mm to 35.6mm for flexion, 19.9mm to 

29.4mm for extension and segmental ROM estimates, from neutral of 1.8 to 4.9mm for 

flexion and 0.9 to 4.3mm for extension [23]. Actual segmental ROM values for right 

side bending were reported between 8.5⁰ and 17.3⁰ depending on the segment [41].  

3.2.3.2 Reliability 

Regarding reliability, a synthesis of the studies is difficult due to a large degree of 

heterogeneity evident in the methodology.  
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Chleboun et al. [23] utilised supine positioning with wedge placement to induce 

extension and flexion and three measures were taken without moving from each 

position. This method is unlikely to achieve full ROM and it also removes all biological 

variation due to repeated movement. As a result, reliability estimates were excellent 

(ICC = 0.98, CI95% = 0.95-0.99; CoV = 1.6%) [23]. Landel et al. [31] completed a 

prone MRI during manual palpation and ‘accessory spinal mobility assessment’. They 

quantified the curvature change during ‘posterio-anterior’ pressure. However, they did 

not report any actual values of curvature. Reliability estimates for intervertebral 

curvature in prone for five participants across two visits were excellent (ICC 0.95-0.99; 

SEM 0.40⁰ to 0.66⁰) [31]. Mahato et al. [41] completed MRI during right side bending 

between days. ICC estimates for between-day reliability of segmental ROM (side 

bending) were excellent 0.93-0.94 and CoV values at 14-15% [41].  

In summary, regardless of the methods employed, it appears that MRI for 

segmental ROM measurements is highly reliable in both the sagittal and frontal plane 

for end of range static positions. Despite this, the coefficient of variation seems to 

depend on the movement being measured and the method of analysis. Similarly, the 

effect of different assessors and of true repeated movements is not clear.     

3.2.4 Radiography 

3.2.4.1 Segmental ROM values 

Since the aim of this review was to investigate reliability, the search of radiography 

papers was limited to those investigating this psychometric outcome. As a result, the 

citations included in this review are not inclusive of the exhaustive list of radiography 

studies that report segmental ROM values. Readers interested in this area are directed to 
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papers such as Yukawa et al. [51] and Galbusera et al. [52]. 

Measurements of lumbar segmental ROM from radiographs varied between the 

included studies. Three studies reported at least one plane of lumbar segmental rotation 

including side bending and rotation [26] and flexion-extension [27,32]. Individual 

segmental ROM values were not reported in three studies [26,29,30]. 

Using similar conceptual methods, segmental ROM was quantified from 

flexion-extension radiographs in two studies by reporting the angle change between 

adjacent vertebral endplates [27,32]. Pearson et al. [32] found an average change in 

intervertebral rotation of 5.1⁰ and 5.7⁰ for the digitised manual technique (DMT) and 

computer-assisted quantitative motion analysis (QMA) method respectively. However, 

it is not known whether these results are in relation to weight bearing or recumbent 

postures as they did not detail the positioning of participants during imaging.  

Maigne et al. [27] also reported segmental ROM values but in sitting and 

standing positions of participants with chronic LBP. Some had pain that occurred 

immediately on sitting down which was relieved on standing up (patient group) and 

participants who did not have these symptoms were matched to the patient group based 

on age and gender (control group) [27]. Angular motion (AM) for positional change 

from extension to flexion was 13.9⁰±4.5⁰ (patient group) and 7.5⁰±4.3⁰ (control group) 

[27]. Similar values were seen for positional change from extension to sitting (AM = 

10.0⁰±4.5⁰ (patient group); 6.2⁰±4.0⁰ (control group)) [27]. It is not immediately clear 

why such large ROM was observed in the patient group. However, the influence of LBP 

on the motion in this group could offer explanation as well as, the sample being largely 

female and the methods specific focus on achieving maximal ROM.  

3.2.4.2 Intra-rater reliability of segmental ROM measurement 
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In radiography research, reliability analysis usually involves one or several raters 

measuring segmental ROM from the same radiographs on one or multiple occasions. 

However, due to variability in methodology and presented reliability statistics, synthesis 

of the studies included is difficult. 

Using two raters and two measurement methods, Cakir et al. [29] and Cakir et 

al. [30] investigated the intra-rater reliability of measurements from standing flexion-

extension radiographs, with measurements taken from the same images on two separate 

occasions. Intra-rater reliability estimates for segmental ROM were reported as strong 

for measurements made by the same rater using the same method (PCC = 0.782-0.916) 

with small mean differences between the two measurements (-0.17⁰ to 0.04⁰) [29]. 

However, the 95% confidence intervals for these differences ranged from ±4.0⁰ to 

±6.8⁰) [29] suggesting that despite a small mean, there was a large range of differences 

between two measurements.  

Similar outcomes were observed for their follow up study where the method was 

adapted to measure the intervertebral segment which had received a total disc 

replacement [30]. Strong intra-rater reliability estimates (PCC = 0.903-0.962) with 

small mean differences (-0.08⁰ to 0.08⁰) were reported but there were wide confidence 

intervals between these two measurements (±2.0⁰ to ±3.3⁰) [30]. 

In Pearson et al. [32] study, 30 flexion-extension radiographs were measured 

twice by six raters, over a four week period, using either the DMT or QMA method. 

Intervertebral rotation intra-rater reliability ICCs were higher for the QMA method 

(ICC = 0.997) with small SEM (0.5⁰) compared to the DMT (ICC = 0.870, SEM = 2.5⁰) 

[32]. 

For end-plate angle in extension, flexion and sitting, Maigne et al. [27] analysed 

the intra-rater reliability of one rater extensively by opting to investigate if there was a 
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difference between repeated measurements. They determined no significant difference 

between repeated measurement of the same images, reporting that the mean difference 

between two measurements was ≤0.31o [27]. However, the 95% confidence interval for 

the limits of agreement between the measures was at best -3.0⁰ to 2.4⁰ suggesting 

significant variability between repeated measures [27].  

3.2.4.3 Inter-rater reliability of segmental ROM measurement 

Inter-rater reliability estimates for segmental ROM of flexion-extension radiographs 

amongst two raters were reported as strong for measurements between raters using the 

same method (PCC = 0.738-0.929), with a small mean difference (-0.82⁰ to -0.07⁰) [29]. 

However, as observed before, the range of difference between two raters was large; 

yielding a wide 95%CI (-7.4⁰ to 5.8⁰) [29]. Similar findings were observed in their 

follow up study with a strong correlation between raters (PCC = 0.886-0.950) and small 

mean difference (-0.31⁰ to 0.04⁰) but large confidence intervals (-3.0o to 3.1o) [30].  

Inter-rater reliability of flexion-extension radiographs was further studied by 

Maigne et al. [27] and Pearson et al. [32]. Estimates provided by Maigne et al. [27] 

demonstrated mean differences between two raters measurements in extension, flexion 

and sitting was -0.38⁰ to -1.05⁰. However, the 95%CI between raters was -3.1⁰ to 4.8⁰ 

for end-plate angle, suggesting wide variability in the differences [27]. Pearson et al. 

[32] found inter-rater reliability estimates that were excellent for measurements made 

with the QMA method (ICC = 0.976) compared to the DMT that yielded moderate 

results (ICC = 0.693).  

Haas et al. [26] investigated tilt into side bending and rotation in standing and 

lateral bending positions using three examiners reporting a range of Kappa reliability 

estimates. For side bending, agreement between raters was reported as weak-to-
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moderate in neutral (Kappa = 0.17-0.56) for L1-L5 [26]. This was also true for net 

segmental tilt in left lateral bending (LLB) (Kappa = -0.03-0.50) and right lateral 

bending (RLB) (Kappa = 0.00-0.27) excluding the measurement at L3 for LLB that 

showed excellent reliability (Kappa = 1.00) [26].  However, the inter-rater reliability 

estimates were better overall for rotation results which yielded moderate-to-good results 

in neutral radiographs (Kappa = 0.55-0.68) and weak-to-good results in LLB and RLB 

(Kappa 0.38-0.68) [26]. Interestingly, reliability estimates at L5 were low across all 

three raters in neutral, LLB and RLB for tilt (Kappa = 0.16-0.19) and rotation (Kappa = 

0.38-0.57) [26]. 

The SEM was also reported by Haas et al. [26]. They found the mean absolute 

discrepancy was <2⁰ for tilt and <3⁰ for rotation of neutral radiographs at all lumbar 

levels [26]. This was less than half of the expected measurement error which was also 

true for net tilt (1.2⁰ to 3.2⁰) and rotation (2.0⁰ to 3.7⁰) in left and right lateral bending 

[26]. However, even though all measurement errors were reported as low, data were 

only presented from one rater pair [26]. 

Overall, results for radiography indicate that there is high intra-rater reliability 

between measurements made using the same method, and differing methods, in flexion-

extension. This also appears true for inter-rater reliability in flexion-extension as well 

as, lateral bending radiographs. However, variability in the results suggest reliability 

could be affected by the selected method for measuring ROM from the radiographs. 

Moreover, the magnitude of the variability across 2 measurements of the same image 

should be considered when assessing the expected ROM alteration from interventions 

such as surgery. 
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4. Discussion  

This review set out to provide a contemporary synthesis of the reliability of four current 

non-invasive modalities used for measuring segmental ROM in the lumbar spine in-

vivo. Detailed understanding of current methods is important for researchers as it 

enables recognition of what systems are available and there associated strengths and 

weaknesses. This facilitates informed judgements pertaining to the use of such methods, 

including determining whether or not a method is reliable for its planned application. In 

addition, this work also served as a valuable reference resource to aid clinicians in the 

interpretation of clinical findings ensuring, for example, that changes reported in 

clinical trials are beyond those expected due to natural variability. Understanding these 

current methods will provide insight into, and future direction for, the tools required for 

exploration of long held segmental ROM notions and a step change in the use of 

imaging for spinal pathologies. 

4.1 Modality evaluation 

4.1.1 VF 

VF provides a cost-effective, non-invasive [53] method for segmental ROM assessment 

that can provide dynamic or static quantification of ROM and is often completed in a 

weight-bearing position. However, there is a tricky trade-off between radiation dose and 

image quality [54]. Since low radiation dosage is used [55]; the contrast between the 

vertebrae and surrounding soft tissue is very low [54], making identification of 

anatomical landmarks difficult [55]. Furthermore, although radiation dose for VF of the 

lumbar spine compares favourably with exposures for a single plain radiograph of the 

same region [55,56]; the risks associated with radiation exposure [57] remain present. 
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As mentioned previously, manual mark-up of VF images remains necessary [47] 

but differences in mark-up practices exist [56]. Currently, there is no consensus as to 

which is the most effective [56]. What is more, it is a laborious and time consuming 

process [54,55] that remains a source of error [48], and the choice of anatomical 

landmark identification can greatly influence the results [56]. Moreover, the optical 

distortion and out of plane motions [56] are likely to pose significant challenge to the 

clarity of VF images and ultimately, its usefulness in quantifying segmental ROM.  

4.1.2 US 

US imaging is a safe, inexpensive modality [58] which is portable, offering easy 

collection of static and dynamic images [59]. Though there are no known deleterious 

effects of US it remains the domain of competent sonographers [60]. 

Whilst it isn’t commonplace to US image the spine, there is evidence that nearly 

all structures within the spine are visible with US [61]. However, despite adequate 

visualisation of structures being outlined by Ahmed et al. [61], the skill of completing 

US scanning largely remains operator dependent. For example, Margarido et al. [62] 

showed 20 unsupervised trials plus teaching sessions were not enough for participants 

to achieve competence in different aspects of US assessment of the lumbar spine. 

Therefore, if US imaging was to become more routine for assessing segmental ROM of 

the spine; specific training may be necessary. Furthermore, as US machines evolve, 

enhancements in image quality are further likely to facilitate easier imaging of the spine 

[61].  

In comparison to other modalities, field of vision is small with US and directly 

limited to the area beneath the US transducer [63]. Also, distinct individual 

characteristics, such as BMI, are likely to affect the image quality; meaning this 
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modality may not be universally appropriate [63]. Despite this, real time analysis, video 

capture and enhancements to the technology and its image processing are likely 

solutions.  

In summary, US is an inexpensive, safe and accessible modality that is already 

used extensively in clinical practice for other purposes. Therefore, it affords great 

potential for regular monitoring of lumbar spinal ROM. Nevertheless, it requires a 

skilled operator to image the lumbar spine and resolution of images may vary between 

patients based on extraneous patient variables or sonographer expertise.  

4.1.3 MRI 

MRI uses non-ionising radiation [64], is non-invasive [65] and is considered a safe 

technology [66]. Furthermore, it offers real advantages in terms of image quality, 

resolution and consistency [61,64]. MRI has the ability to visualise the entire spine, 

spinal cord and surrounding structures in its entire length [65]; providing further 

opportunities such as, the identification of structural changes. Moreover, MRI can 

produce sectional images of equivalent resolution, in any projection, without moving a 

patient [67]. This ability to obtain images in multiple planes adds to its versatility [67]. 

Analysis of spinal ROM requires the use of open MRI which eliminates a 

patients feeling of claustrophobia, along with the associated implications of this effect, 

commonly seen with traditional closed MRI scanners [68,69]. However, it does have 

some disadvantages. This is represented mostly by the use of a low field magnet; 

resulting in low signal to noise ratio and leading to reduced image quality compared 

with the more common high field magnet [69]. Equally, patients with pacemakers and 

certain ferromagnetic appliances cannot be imaged with MRI [67], and patient 

throughput is slow compared with other imaging modalities [67,69]. 
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A further significant drawback to MRI is that the equipment is not only 

expensive to purchase, but also to maintain and operate [67]. Additionally, greater 

technological expertise is required for utilisation of MRI rather than most other imaging 

modalities [67]; highlighting important limitations. 

Altogether, it is evident that MRI has good spinal visualising capabilities; 

coupled with consistency in image acquisition and interpretation. What is more, this 

modality does not pose a risk to most patients and offers the clinical advantage of 

looking at intervertebral disc deformation and soft tissue providing additional insights 

for patients with known pathologies. However, the substantial cost associated with 

using this technology indicates its lack of suitability for regular monitoring of lumbar 

segmental ROM.  

4.1.4 Radiography 

Radiography remains a cost effective spinal imaging method [70] and the equipment is 

widely available [71]. Compared to other imaging modalities, like MRI, usually 

performed in the recumbent position; radiographs can also be taken in different 

anatomical positions [70]. Nonetheless, there are no established guidelines for imaging 

the thoraco-lumbar spine with radiographs [70,72] and it is required to be performed in 

a specialised room [71]. There are also errors associated with distortion, magnification 

and positioning of individuals [71,73]. Furthermore, lots of heterogeneity exits in the 

methodology of radiographic segmental ROM measurements [72]. 

The most significant disadvantage to radiography though is its use of ionising 

radiation [73,74]. This is a known mutagen that can increase the risk of diseases such as 

cancer [75]. In addition, a higher beam energy is required due to the lumbar spines large 

x-ray attenuation and imaging of this area involves exposure to radiosensitive 
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reproductive organs [76]. These risks are an important consideration for repeated 

radiography examinations. 

To summarise, however cost effective radiography remains, the errors linked to 

image capture and variability in image analysis, coupled with the risks associated with 

ionising radiation exposure; makes this imaging modality unsuitable for frequent 

assessment of lumbar spinal ROM. 

5. Summary 

This review has explored four potential modalities for segmental ROM assessment. All 

methods offer high reliability but the detail of the experimental design is critical to 

understand the magnitude of error associated with each. Such information will enable 

researchers and clinicians to make informed decisions regarding the correct modality for 

their particular situations. Also, the data here will provide a platform of the current state 

of the knowledge, from which developments or enhancements can be made to better 

determine methods of segmental ROM information. Once established, such methods 

may enable clinicians and researchers the opportunities to explore the fundamental 

principles underpinning LBP assessment and treatment practice. 

6. Limitations 

Eligible papers in this review shared a number of the same authors leading to a potential 

risk of bias. Likewise, as studies published in a non-English language and grey literature 

were excluded from this review, publication bias may be evident. Additionally, due to 

the heterogeneity of the literature retrieved, some synthesis was based on a relatively 

small number of papers, sometimes even single articles. Therefore, the generalisability 

of the findings may be limited.  



25 

 

7. Conclusion 

This review has provided a contemporary systematic analysis of the literature related to 

the reliability of VF, US, MRI and Radiography modalities currently used for non-

invasive measurements of segmental ROM in the lumbar spine in-vivo. Excellent 

reliability is seen in all modalities. However, VF is limited by radiation exposure, as is 

radiography, and there is a high cost associated with MRI. Additionally, both modalities 

are not routinely available. US offers potential for routine clinical use, with its low cost 

and widespread availability, which has the opportunity to provide a truly non-invasive 

and risk free method of measuring segmental ROM in individuals with LBP. Despite 

this, further research is necessary to determine whether US imaging yields truly 

consistent measurements of segmental ROM in the lumbar spine and whether this is 

also evident in within- and between-day repeated measures. If a method of segmental 

ROM assessment can be developed for routine clinical practice it could be a useful tool 

to evaluate abnormal segmental motion due to pain, spinal pathology or surgical 

intervention; signifying its potential value in the assessment, diagnosis and management 

of a variety of spinal related conditions. 
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Table 1. Search strategy 

Search Strategy Number of results 

(with duplicates 

removed) 

Fluoroscopy  

AND spine  

AND motion 

AND reliability OR validity OR consistency OR repeatability  

NOT cervical OR thoracic 

 

 

41 

Ultrasound OR ultrasonography OR US OR USS OR 

ultrasound imaging  

AND lumbar 

AND reliability OR validity OR consistency OR repeatability  

NOT scoliosis OR musc* OR cervical OR thoracic 

 

 

157 

Magnetic resonance imaging OR MRI OR MRI scan  

AND lumbar spine  

AND motion OR kinematics  

AND reliability OR validity OR consistency OR repeatability 

 

 

32 

X ray OR radiology OR radiograph* 

AND reliability OR validity OR consistency OR repeatability 

AND lumbar 

AND motion OR kinematics 

NOT videofluoroscopy OR fluoroscopy OR scoliosis  

 

 

200 

Total 430 

(* (asterisk), truncation). 
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Table 2. Detailed inclusion and exclusion criteria 

Inclusion Criteria Exclusion criteria 

Human participants 

Measuring segmental or intersegmental 

ROM defined as angular rotation of one 

vertebral body on another (or a 

representation of this) 

Measurements at the lumbar spine 

Measuring ROM with VF, US, MRI or 

radiography 

Investigating reliability or validity 

Animal studies/ studying in-vitro 

Articles solely investigating linear 

translation of a vertebrae 

Measuring ROM in only cervical and/ or 

thoracic spine 

Not using modality for imaging 

Studies published after January 2021 

Non-objective psychometric outcome 

Studies published not in the English 

language 

(ROM, range of motion; VF, video fluoroscopy; US, ultrasound; MRI, magnetic resonance 

imaging). 

 

 

 

 

 

 

 

 

 

 

 

 



36 

 

Table 3. Reason for article rejection after accessing full-text citation 

Reason for full-text citation rejection No. of citations in this category 

Not examining modality’s psychometric 

properties 

7 

Examination in-vitro 4 

Examination of an animal spine 1 

Not VF/ US imaging/ MRI/ radiography 2 

No reliability statistics included 2 

Not assessing kinematics, motion or ROM 1 

Measuring only linear translation 4 

A report 1 

Comparing a method against modality 1 

Total no. of citations rejected 23 

(No., number of; ROM, range of motion; VF, video fluoroscopy; US, ultrasound; MRI, 

magnetic resonance imaging). 
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Table 4. Quality assessment 
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 (Y, yes; N, no; CD, cannot determine; NA, not applicable; NR, not reported; overall, overall quality rating). 
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Table 5. Data extraction table 

Author Modality Participant characteristics Psychometric 

outcome(s) assessed 

Vertebral 

level(s) 

Measurement Methods 

 

Haas et al. 1990 

[26] 

Radiography 58 participants 

Mean age 28 

Students from Western States Chiropractic 

College 

Asymptomatic 

Kappa 

SEM 

L1-L5 Investigated tilt into side bending and rotation 

in standing and lateral bending positions.   

 

Maigne et al. 2003 

[27] 

Radiography 74 participants with Chronic LBP 

42 had  pain immediately on sitting down and 

relieved on standing up from sitting (mean age 

54.9, 6 males, 36 females) 

32 age and gender matched participants who did 

not have symptom described above (mean age 

57.5, 4 males, 28 females) 

Mean difference 

LoA 

L1-L5 Investigated angle change between adjacent 

vertebral endplates of lateral flexion-extension 

radiographs in standing and sitting positions.  

Breen et al. 2006 

[28] 

VF 30 male participants 

Aged 18-40 

Asymptomatic 

4 subjects assessed 

 

RMSE L3-L5 Investigated non weight bearing side flexion, 

flexion and extension. 

One movement trial for each individual. 

Manual identification of first frame then 

automated analysis using vertebral corners as 

reference points. 
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Cakir et al. 2006 

[29] 

Radiography 24 participants. 

10 males, 14 females  

All with monosegmental degenerative disc 

disease 

Mean age 40.2 

PCC L4-S1 Investigated flexion-extension radiographs in 

standing. 

Three examiners, two took measurements 

between-day. 

Cakir et al. 2006 

[30] 

Radiography 24 participants. 

10 males, 14 females following  a 

monosegmental total disc replacement at L4-5 or 

L5-S1 

Mean age 40.2 

PCC L4-S1 Investigated flexion-extension radiographs in 

standing. 

Follow up study. 

Three examiners, two took measurements 

between-day. 

Landel et al. 2008 

[31] 

MRI 29 participants 

13 Males, 16 Females 

Aged 18-45 

Diagnosis of non-specific LBP 

Recent onset of centralised LBP 

ICC 

SEM 

L1-L5 Investigated P-A force in non-weight bearing. 

Segmental mobility quantified by measuring 

the change in the intervertebral angle between 

the resting position and the end range of the P-

A force application.  

Pearson et al. 2011 

[32] 

Radiography 30 participants with spondylolisthesis at L4-5 

37% males, 63% females 

Randomly selected from the spine patient 

outcomes research trial 

Mean age 66 

ICC 

SEM 

L1-S1 Investigated intervertebral rotation of flexion-

extension radiographs.  

Measurements made with a digitised manual 

technique by three raters and by a quantitative 

motion analysis software by three different 

raters. 

Sui et al. 2011 [33] VF 12 participants 

10 healthy, 2 lumbar spondylolisthesis 

8 Males, 4 Females 

ICC 

 

L1-S1 Investigated seated flexion and extension. 

Automated tracking after manual marking of 

four vertebral corners. 



40 

 

Aged 19-38 

Chleboun et al. 

2012 

[23] 

MRI 

US 

6 participants 

2 Males, 4 Females 

Aged 22-35 

Asymptomatic 

 

ICC 

CoV 

L1-L5 Investigated supine flexion and extension 

postures. 

MRI – distance between inferior edge of 

caudal and cranial spinous processes 

measured. 

US – distance between the peak of the 

curvature of caudal and cranial spinous 

processes measured.  

Manual/visual method used digitally. 

Mellor et al. 2014 

[34] 

VF 80 participants 

44 Males, 36 Females 

Aged 21-50 

40 with Chronic non-specific LBP 

40 asymptomatic volunteers 

Convenience sample 

ICC  

SEM 

 

L2-L5 Investigated lying flexion and extension. 

Sequences processed using automatic tracking 

algorithms after manual template application 

to first image.  

Landmark used was vertebral body corners. 

Yeager et al. 2014  

[35] 

VF 61 participants 

52% Male, 48% Female 

Aged 31-62 

34 Asymptomatic 

14 preoperative (with confirmed pathology) 

13 post operative (with a previous lumbar 

procedure) 

ICC 

SEM 

L1-S1 Investigated flexion and extension in upright 

and lying positions. 

Intervertebral rotation and intervertebral 

translation measured using automated 

vertebral motion analysis tracking algorithms 

as well as a manual technique.  
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Cuesta-Vargas 

2015  

[36] 

US 15 male participants 

Convenience sample 

Asymptomatic 

 

ICC 

SEM 

MDC 

 

L4-L5 Investigated flexion in upright position. 

10 reps forward bending and neutral.  

Manual/visual identification of spinous 

process then semi-automated orientation 

estimation.  

Tozawa et al. 2015  

[37] 

US 10 participants 

Healthy Males 

Aged 20-23 

 

 

ICC 

MDC 

L2-L3 Investigated prone, prone on elbows and 

kneeling with flexed spine postures. 

Measured distance between caudal end of L2 

spinous process to cranial end of L3 spinous 

process and from top of L2 spinous process to 

top of L3 spinous process. 

Manual/ visual identification of landmarks. 

du Rose and Breen 

2016  

[38] 

VF 18 male participants 

Mean age 27.6 

No history of LBP 

 

ICC 

SEM 

L2-S1 Investigated flexion and extension in upright 

position. 

Sequences processed using automatic tracking 

algorithms after manual template application 

to first image.  

Tozawa et al. 2016  

[39] 

US 10 male participants 

Aged 20-23 

No history of orthopaedic disease or dysfunctions 

 

ICC 

MDC 

L1-L2 Investigated prone, prone on elbows and 

kneeling with Lx fully flexed postures. 

Manual/ visual identification of spinous 

process. 

Measured distance between caudal end of L1 

and cranial end of L2 spinous processes. 
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Breen et al. 2018 

[40] 

VF 109 participants 

66 Males, 43 Females 

Aged 21-80 

Healthy volunteers 

Convenience sample 

 

ICC 

MDC 

 

L2-S1 Investigated flexion, extension, left side 

flexion and right side flexion in recumbent and 

standing positions. 

Single motion sequences. 

Manual first image registration then frame-to-

frame automatic tracking. 

Mahato et al. 2019  

[41] 

MRI 10 participants 

Aged 18-60 

Volunteers 

Asymptomatic 

ICC 

CoV 

 

L2-L4 Investigated side flexion in weight-bearing 

upright position. 

Measured changes in intervertebral axes 

positions using cranial to caudal vertebrae 

measurement and displacements in individual 

vertebrae within a calibrated imaging space. 

(SEM, standard error of measurement; L, lumbar; LoA, limits of agreement; VF, videofluoroscopy; RMSE, root mean square error; PCC, pearsons correlation 

coefficient; MRI, magnetic resonance imaging; LBP, lower back pain; ICC, intra-class correlation co-efficient; P-A, posterior-anterior; %, percent; US, 

ultrasound; CoV, coefficient of variation; MDC, minimal detectable change; Lx, Lumbar spine). 
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Table 6. Data extraction findings 

Author 

 Video fluoroscopy 

Breen et al. 

2006 

[28] 

Side bending Intra-subject variation 2.75⁰ RMSE (observer 1) 

Intra-subject variation 2.91⁰ RMSE (observer 2) 

Raw data ranges not reported 

 

Sui et al. 

2011 

[33] 

 Did not report individual segmental ROM values 

Only reported ICC for the plastic spine model 

Mellor et al. 

2014 

[34] 

Segmental ROM 

Flexion 

 

L2/3 = 4.23⁰, L3/4 = 5.89⁰, L4/5 = 7.10⁰ (Patients) 

L2/3 = 4.05⁰, L3/4 = 5.49⁰, L4/5 = 6.46⁰ (Controls) 

 

Extension L2/3 = 5.04⁰, L3/4 = 4.15⁰, L4/5 = 4.78⁰ (Patients) 

L2/3 = 4.64⁰, L3/4 = 4.11⁰, L4/5 = 5.31⁰ (Controls) 

Intra-observer  

Flexion 

 

 

 

SEM% = 3%  

L2/3 

SEM 0.13⁰, ICC 0.98, CI95% 0.86-0.99 

L3/4 

SEM 0.13⁰, ICC 0.98, CI95% 0.90-1.0  

L4/5 

SEM 0.10⁰, ICC 1.0, CI95% 0.99-1.0   

 

Extension SEM% = 8%  

L2/3 

SEM 0.35⁰, ICC 0.96, CI95% 0.85-0.99 

L3/4 

SEM 0.24⁰, ICC 0.92, CI95% 0.72-0.98 

L4/5 

SEM 0.19⁰, ICC 0.99, CI95% 0.97-1.0  

 

Side bending  SEM % = 3%. 

SEM 0.08-0.17⁰, ICC 0.99-1.0, CI95% 0.95-1.0 

Inter-observer 

Flexion 

 

 

ICC 0.74-0.99; CI95% 0.23-0.99 

SEM 0.17-0.31⁰ 

SEM% = 7% 

L2/3 

SEM 0.31⁰, ICC 0.91, CI95% 0.69-0.98 

L3/4 

SEM 0.17⁰, ICC 0.98, CI95% 0.91-0.99 

L4/5 

SEM 0.31⁰, ICC 0.97, CI95% 0.88-0.99 

 

Extension SEM% = 19% 
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L2/3 

SEM 0.77⁰, ICC 0.76, CI95% 0.27-0.94 

L3/4 

SEM 0.41⁰, ICC 0.74, CI95% 0.23-0.93 

L4/5 

SEM 0.27⁰, ICC 0.99, CI95% 0.96-1.00 

 

Side bending SEM 0.18-0.55⁰, ICC 0.85-0.99, CI95% 0.51-1.00 

 

Yeager et al. 

2014 

[35] 

Segmental ROM 

Flexion 

 

4.40⁰ 

Extension 2.00o 

Intra-observer 

Flexion/Extension 

 

SEM 0.10⁰, ICC 0.98, CI95% 0.98-0.99  

SEM% = 2% (flexion)  

SEM% = 5% (extension) 

Inter-observer 

Flexion/Extension 

 

SEM 0.22⁰, ICC 0.96, CI95% 0.95-0.97  

SEM% = 5% (flexion)  

SEM% = 11% (extension) 

 

du Rose and 

Breen 2016 

[38] 

Between day Intra-

rater reliability 

SEM 

 

L2/3 

SEM 0.45⁰, ICC CI95% 0.92-1.0 

L3/4 

SEM 0.23⁰, ICC CI95% 0.96-1.0 

L4/5 

SEM 0.39⁰, ICC CI95% 0.97-1.0 

L5/S1 

SEM 0.54⁰, ICC CI95% 0.82-0.99 

 

Breen et al. 

2018 

[40] 

Segmental ROM 

Lying flexion 

 

5.14o 

Lying extension 5.33o 

Standing flexion 9 o - 14o 

Standing extension 2.01o 

 

Repeated measures 

Lying flexion / 

extension 

 

ICC 0.80, CI95% 0.74-0.85 

MDC95 4.66⁰, MDC% 91% (flexion) 

MDC95 5.19⁰, MDC% 97% (extension) 

 

Standing flexion / 

extension 

ICC 0.82-0.91, CI95% 0.76-0.93 

MDC95 9.10⁰, MDC% 100% (flexion) 

MDC95 5.53⁰, MDC% 176% (extension) 

 

Lying side bending ICC 0.95, CI95% 0.92-0.96 

MDC95 3.3-3.7⁰, MDC% 60-69% 
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Standing side 

bending 

ICC 0.90-0.92, CI95% 0.0.87-0.94 

MDC95 4.5-4.7⁰, MDC% 97-98% 

 

Ultrasound 

Chleboun et 

al. 2012 

[23] 

Segmental ROM 

Flexion 

 

Spinous process distance = 25.6mm to 32.3mm 

ROM taken from neutral = 3.0mm to 4.4mm 

Extension Spinous process distance = 21.5mm to 26.9mm 

 Reliability ICC 0.94, CI95% 0.85-0.97 

CoV = 1.8% 

 

Cuestas-

Vargas 2015 

[36] 

Segmental ROM 

Flexion 

 

15.5⁰ +/- 2.04⁰ 

Repeated measures ICC  

CI95% = 0.995-0.999 (within day) 

CI95% = 0.996-0.999 (between day) 

MDC 

1.5⁰ (or 10%). 

 

Tozawa et al. 

2015 

[37] 

Segmental ROM Lumbar interspinous process distance ranged from 

29.2mm to 30.1mm 

Intra-rater 

reliability 

ICC CI95% 0.79-1.0 

Examiner A: ICC 0.97-0.98, CI95% 0.93-0.99 

Examiner B: ICC 0.96-0.98, CI95% 0.92-0.99 

Examiner C: ICC 0.97-0.98, CI95% 0.94-0.99 

Examiner D: ICC 0.97-0.99, CI95% 0.94-1.0 

Examiner E: ICC 0.90-0.99, CI95% 0.79-1.0 

MDC95 value of 0.29mm 

Inter-rater 

reliability 

ICC 0.914, CI95% 0.80-0.97 

ICC 0.725, CI95% 0.55-0.87 

 

Tozawa et al. 

2016 

[39] 

Intra-rater 

reliability 

 

ICC 0.990-0.998, CI95% 0.963-0.999. 

Measurer A: ICC 0.997, CI95% 0.993-0.999. 

Measurer B: ICC 0.992, CI95% 0.981-0.998. 

Measurer C: ICC 0,998, CI95% 0.996-0.999. 

Measurer D: ICC 0.985, CI95% 0.963-0.996. 

Measurer E: ICC 0.991, CI95% 0.978-0.997. 

Measurer F: ICC 0.995, CI95% 0.987-0.998. 

Measurer G: ICC 0.995, CI95% 0.987-0.999. 

Measurer H: ICC 0.992, CI95% 0.980-0.998. 

Measurer I: ICC 0.990, CI95% 0.977-0.997. 

MDC95 values of 0.62-1.8mm. 

Measurer D:  MDC95 = 1.8mm. 

Measurer F:  MDC95 = 1.1mm. 

Measurer H:  MDC95 = 0.62mm. 

Measurer I:  MDC95 = 1.5mm 

Inter-rater 

reliability 

ICC 0.969, CI95% 0.90-1.0 
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Magnetic resonance imaging 

Landel et al. 

2008  

[31] 

Reliability ICC 0.95-0.99 

SEM ranged from 0.40⁰ to 0.66⁰ 

 

Chleboun et 

al. 2012 

[23] 

Segmental ROM 

Flexion 

Extension 

 

Spinous process distance = 24.6mm to 35.6mm  

ROM estimates from neutral = 1.8mm to 4.9mm 

Spinous process distance = 19.9mm to 29.4mm  

ROM estimates from neutral = 0.9mm to 4.3mm 

Reliability ICC 0.98, CI95% = 0.95-0.99. 

CoV = 1.6%. 

 

Mahato et al. 

2019  

[41] 

Segmental ROM 

Side bending 

(right) 

 

 

8.5⁰ to 17.3⁰ 

Between day 

Repeated measures 

 

ICC 0.93-0.94 

CoV 14-15% 

 

Radiography 

Haas et al. 

1990  

[26] 

Tilt  

Neutral 

Kappa 

L1 = 0.47, L2 = 0.56, L3 = 0.46, L4 = 0.22, L5 = 0.17 

Left lateral bending L1 = 0.50, L2 = -0.03, L3 = 1.00, L4 = 0.25, L5 = 0.19 

Right lateral 

bending 

L1 = 0.24, L2 = 0.25, L3 = 0.00, L4 = 0.27, L5 = 0.16 

 

Rotation 

Neutral 

Kappa 

L1 = 0.64, L2 = 0.68, L3 = 0.55, L4 = 0.60, L5 = 0.57 

Left lateral bending L1 = 0.63, L2 = 0.61, L3 = 0.57, L4 = 0.55, L5 = 0.42 

Right lateral 

bending 

L1 = 0.49, L2 = 0.42, L3 = 0.59, L4 = 0.68, L5 = 0.38 

 

SEM (one rater pair) 

Neutral radiographs 1.0⁰ - 1.9⁰ (tilt); 2.1⁰ - 2.6⁰ (rotation) 

Net tilt 1.3⁰ - 3.2⁰ (left lateral bending) 

1.2⁰ - 2.8⁰ (right lateral bending) 

Net rotation 2.0⁰ - 3.7⁰ (left lateral bending) 

2.5⁰ - 3.6⁰ (right lateral bending) 

 

Maigne et al. 

2003  

[27] 

Angular motion 

Extension to 

flexion 

 

13.9⁰ ± 4.5⁰ (patient group) 

7.5⁰ ± 4.3⁰ (control group) 

 

Extension to sitting 10.0⁰ ± 4.5⁰ (patient group)  

6.2⁰ ± 4.0⁰ (control group) 

Intra-rater (mean 

difference between 

end plate angle 

measurements) 

0.31⁰, 95%CI LoA -3.0⁰ to 2.4⁰ (extension) 

0.04⁰, 95%CI LoA -3.0⁰ to 3.0⁰ (flexion) 

0.03⁰, 95%CI LoA -3.0⁰ to 3.0⁰ (sitting) 
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Inter-rater (mean 

difference between 

end plate angle 

measurements) 

 

-0.38⁰, 95%CI LoA -3.1⁰ to 3.9⁰ (extension) 

-0.44⁰, 95%CI LoA -2.7⁰ to 3.6⁰ (flexion) 

-1.05⁰, 95%CI LoA -2.7⁰ to 4.8⁰ (sitting) 

 

 

Cakir et al. 

2006  

[29] 

Intra-rater 

reliability 

 

PCC (95%CI) = 0.902 (±4.2⁰), 0.782 (±6.8⁰), 0.916 

(±4.0⁰), 0.881 (±4.7⁰). 

Mean difference = -0.17⁰, 0.04⁰, -0.17⁰, -0.17⁰. 

 

Inter-rater 

reliability 

 

Range of PCC (95%CI) = 0.843, 0.809, 0.777, 0.738 (-

7.4⁰/ +5.8⁰); 0.929, 0.913 (-4.5⁰/ +4.3⁰); 0.890, 0.861, 

0.890, 0.891 (-4.9⁰/ +4.5⁰); 0.885, 0.888 (-5.0⁰/ +4.2⁰). 

Mean difference between 2 measurement sets = -0.82⁰, -

0.07⁰, -0.17⁰, -0.38⁰ 

 

Cakir et al. 

2006  

[30] 

Intra-rater 

reliability 

 

PCC (95%CI) = 0.962 (±2.1⁰), 0.903 (±3.3⁰), 0.955 

(±2.0⁰), 0.916 (±3.0⁰) 

Mean difference = 0.04⁰, 0.08⁰, -0.08⁰, -0.04⁰ 

 

Inter-rater 

reliability 

 

Range of PCC (95%CI) = 0.928, 0.903, 0.911, 0.917 (-

3.0⁰/ +3.0⁰); 0.918, 0.905 (-2.9⁰/ +3.1⁰); 0.899, 0.930, 

0.950, 0.950 (-2.4⁰/ +3.0⁰); 0.926, 0.886 (-2.8⁰/ +2.8⁰) 

Mean difference between 2 measurement sets = 0.04⁰, -

0.06⁰, -0.31⁰, -0.00⁰ 

 

Pearson et al. 

2011  

[32] 

Segmental ROM Average change in intervertebral rotation = 5.1⁰ (DMT), 

5.7⁰ (QMA). 

 

Intra-rater 

reliability 

ICC = 0.870 

SEM = 2.5⁰ (DMT) 

ICC =0.997 

SEM = 0.5⁰ (QMA) 

 

Inter-rater 

reliability 

ICC = 0.693 (DMT)  

ICC = 0.976 (QMA) 

 (L, lumbar; =, equals; SEM, standard error of measurement; ⁰, degrees; 95%CI, ninety five 

percent confidence interval; LoA, limits of agreement; RMSE, root mean square error; PCC, 

pearson correlation coefficient; ±, plus or minus; ICC, intra-class correlation co-efficient; DMT, 

digitised manual technique; QMA, quantitative motion analysis; US, ultrasound; mm, 

millimetres; ROM, range of motion; CI95%, ninety five percent confidence interval; CoV, 

coefficient of variation; MRI, magnetic resonance imaging; L2/3, lumbar spine intervertebral 

level 2/3; L3/4, lumbar spine intervertebral level 3/4; L4/5, lumbar spine intervertebral level 

4/5; SEM%, standard error of measurement percent; %, percent; L5/S1, spine intervertebral 

level lumbar 5/ sacral 1; MDC95, minimal detectable change at 95% confidence level; MDC%, 

percentage magnitude of minimal detectable change at 95% confidence level). 
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Figure 1. PRISMA flow diagram of search 
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