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Abstract

:

Background: Measures of lumbar lordosis (LL) and elliptical modeling variables have been shown to discriminate between normal and chronic low back pain (CLBP) patients. Pelvic morphology influences an individual’s sagittal lumbar alignment. Our purpose is to investigate the sensitivity and specificity of lumbar sagittal radiographic alignment and modeling variables to identify if these can discriminate between normal controls and CLBP patients. Methods: We conducted a computer analysis of digitized vertebral body corners on lateral lumbar radiographs of normal controls and CLBP patients. Fifty normal controls were attained from a required pre-employment physical examination (29 men; 21 women; mean age of 27.7 ± 8.5 years), with no history of low back pain, a normal spinal examination, no pathologies, anomalies, or instability. Additionally, 50 CLBP patients (29 men; 29.5 ± 8 years of age) were randomly chosen and matched to the characteristics of the controls. The inclusion criteria required no abnormalities on lumbar spine radiographs. The parameters included the following: ARA L1-L5 lordosis, ARA T12-S1 lordosis, Cobb T12-S1, b/a elliptical modelling ratio, sacral base angle (SBA), and S1 posterior tangent to vertical (PTS1). Two measures of pelvic morphology were determined for each person—the angle of pelvic incidence (API) and posterior tangent pelvic incidence angle (PTPIA)—and the relationships between API − ARA T12-S1, API − Cobb T12-S1, and API − ARA L1-5 was determined. Descriptive statistics and correlations among the primary variables were determined. The receiver operating characteristic curves (ROC curves) for primary variables were analyzed. Results: The mean values of LL were statistically different between the normal and CLBP groups (p < 0.001), indicating a hypo-lordotic lumbar spine for the CLBP group. The mean b/a ratio was lower in the chronic pain group (p = 0.0066). The pelvic morphology variables were similar between the groups (p > 0.05). API had a stronger correlation to the SBA and Cobb T12-S1 than PTPIA did, while PTPIA had a stronger correlation to the S1 tangent and ARA T12-S1 than API did. While CLBP patients had a stronger correlation of ARA T12-S1 and Cobb T12-S1 relative to the pelvic morphology, they also had a reduced correlation of ARA L1-L5 lordosis relative to their SBA and pelvic morphology measures. API − T12-S1, API − L1-L5, and API − Cobb T12-S1 were statistically different between the groups, p < 0.001. Using ROC curve analyses, it was identified that ARA L1-L5 lordosis of 36° and ARA T12-S1 of 68° have a good sensitivity and specificity to discriminate between normal and CLBP patients. ROC curve analyses identified that lordosis ARAT12-S1 < 68° (AUC = 0.83), lordosis ARAL1-L5 < 36° (AUC = 0.78), API − ARA T12-S1 < −18° (AUC = 0.75), API − ARAL1-L5 > 35° (AUC = 0.71), and API − Cobb T12-S1 < −5° (AUC = 0.69) had moderate to good discrimination between groups (AUC = 0.83, 0.78, 0.75, and 0.72). Conclusions: Pelvic morphology is similar between normal and CLBP patients. CLBP patients have an abnormal ‘fit’ of their API − ARAT12-S1 and L1-L5 lumbar lordosis relative to their pelvic morphology and sacral tilt shown as a hypolordosis.
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1. Introduction


Lumbar lordosis (LL) is part of humans’ evolutionary adaptation to upright locomotion; however, a universally agreed upon geometry and magnitude for lordosis remains challenging and problematic. There are several variables that influence the magnitude and geometry of LL across individuals. These confounding variables include the following: (1) advanced age [1,2,3], (2) body mass index [4,5], (3) lumbar vertebra morphology [6], (4) pelvic morphology [7,8,9,10,11,12,13], and (5) sacral morphology [14,15]. Despite the above challenges, several studies have been put forth investigating and developing normative ranges for adult LL values, with many accounting for several of the above five variables [1,4,5,7,8,9,10,11,12,13,16,17,18,19]. Furthermore, several studies have found a correlation between a reduced LL and chronic low back pain (CLBP) [13,16,18,20,21,22,23,24,25]. In contrast, several studies have found no correlation between back pain and the amount of LL [4,5,7,26,27]. However, two recent systematic reviews with meta-analyses have identified that hypolordosis of the lumbar spine is a risk factor for both the presence of back pain [28] as well as the development of back pain [29]. Problematically, in many of the investigations looking at abnormal LL in back pain patients vs. asymptomatic controls, the above five “confounding” variables were not accurately accounted for [28,29].



Low back pain has numerous causes, from mechanical, infectious, psychosomatic, inflammatory, and mental-health-related. A differential diagnosis is important for clinicians treating low back pain patients and it is critical to understand the various causes of low back pain and the proper methods to determine the cause. However, mechanically and as elucidated above, a primary contributing biomechanical variable leading to the development and chronicity of CLBP is a hypo-lumbar lordosis [28,29]. One of the strongest determinants of an individual’s LL is thought to be their pelvic morphology [7,8,9,10,11,12,13], where pelvic morphology is defined as the fixed anatomical position of the sacrum inside the ilia in relationship to the bisection point between the center of each femur (hip axis). In 1985, During et al. [7] presented the first pelvic morphology assessment as an anatomical angle of the intersection between a line connecting the mid-sacral endplate of S1 to the hip axis (HA) and a line drawn along the superior endplate of S1. The authors defined this angle as the pelvi-sacral angle and found it to be a primary determinant of the sacral base tilt angle and the magnitude of the distal LL [7].



Since During et al. [7], several authors have developed different pelvic morphology measurements, and have investigated the relationship of pelvic morphology variations to both the sagittal plane curves of the spine and sagittal balance (translations of region to region) [8,9,10,11,12,13]. Only three investigations, however, could be located that assessed the pelvic morphology values and LL in normal controls versus CLBP patients [7,13,30]. Problematically, these investigations failed to delineate whether a reduced LL in CLBP patients is due to differences in pelvic morphology between normal controls and CLBP patients. Many authors have previously investigated the differences between pelvic morphology and variations in spine parameters, where these prior studies discuss the normal and compensatory parameters [31,32,33,34,35]. Prior studies of the sagittal spine parameters have confirmed earlier studies on the importance of a normal or average or “neutral zone” that is necessary to reduce the reported suffering from low back pain, spine pathologies, and a reduced quality of life. Sagittal spine balance and the importance of understanding the consequences of a mismatch between pelvic morphology parameters and lumbar spine pathologies is an important endeavor for clinicians and researchers alike [31,32,33,34,35].



In 1998, Harrison et al. [20] found that elliptical modeling and LL measures could discriminate between a defined normal group and CLBP patients. However, Harrison et al. [20] did not consider pelvic morphology differences between the groups, nor did they investigate the sensitivity and specificity of their most significant measures to accurately discriminate between the groups. The current investigation revisits the data from Harrison et al. [20] in order to investigate the possibility of pelvic morphology differences between their [20] normal and CLBP groups and to investigate the sensitivity/specificity of discriminatory group variables. Our hypothesis is that pelvic morphology measurements will be significantly different between the normal and CLBP groups such that group lordotic differences can be explained by pelvic morphology variables. Thus, pelvic morphology variables should have a good sensitivity/specificity as a dichotomization variable between the groups.




2. Materials and Methods


2.1. Patient Data Collection


Previously, differences in elliptical modeling and radiographic measures for the LL in four matched groups of patients (normal controls, acute low back pain patients, CLBP patients, and those with lumbar pathologies) were reported [20]. In the current investigation, we revisit data from two of these groups: the normal controls and CLBP patients. Complete details of these normal controls were previously reported [17]. Our article is a retrospective review of clinical records from two previous publications [17,20] and is exempt from IRB approval under section 45 CFR 46.101(b)(4). See https://www.hhs.gov/ohrp/regulations-and-policy/decision-charts-pre-2018/index.html#c5 (accessed on 4 March 2024). In the normal group, there were 29 men and 21 women with no history of low back pain, a normal physical examination, and no radiographic evidence of pathologies, anomalies, and instability. Their average age was 27 years, average height was 171.5 cm, and average weight was 70.8 kg [17,20].



From the same clinic files as the normal group, 50 CLBP patients (29 males and 21 females) were randomly chosen from a population that matched the group characteristics of the normal controls. Herein, CLBP was defined as greater than 6 weeks of continual pain and/or a recurrent history of pain that caused absence from work or significant modification of daily activities. Inclusion criteria required no abnormalities on lumbar spine radiographs in order to be accurately matched to the normal group. Their average age was 29.5 years, average height was 174 cm, and average weight was 74 kg [20].




2.2. Lumbar Modeling


The digitization and elliptical modeling details of these patients have been described previously; however, the relevant details are provided here [19,20]. The lateral lumbar radiographs of all 100 individuals were digitized with a sonic digitizer (GP-9, from Science Accessories Corp., Shelton, CT, USA). In total, 18 points on the vertebral bodies from T12-S1 and the superior aspects of each femur/acetabulum, and pubic symphysis were digitized. The elliptical model extends from the posterior–inferior body corner of T12 to the superior–posterior corner of the body of the first sacral segment and represents the path of the posterior vertebral body co-ordinates between these landmarks [19,20]. Vertebral body x–y co-ordinates were stored in a database, written in FORTRAN 77 to run on a personal computer. The original computer code performed a least-squares approximation of each patient’s LL in the shape of an ellipse. The program iterates to find a best-fit ellipse for each person by passing ellipses, in the least-squares sense, through vertebral x–y co-ordinates along the posterior aspect from T12-S1. For each patient’s best-fit ellipse, the program determined semi-major (a) and semi-minor (b) axes, b/a ratio, and the portion of a quadrant (between 80° and 90°), which the elliptical segment comprised [19,20].




2.3. Radiographic Measurements


Using the digitized vertebral body x–y co-ordinates, lumbar lordotic alignment variables were calculated. In the previous study, these variables included the following: (1) the intersection of posterior body lines at L1 and L5 forming a global angle of lumbar lordosis (LL) defined as an absolute rotation angle (ARA L1-L5), (2) the intersection of the inferior endplate line of T12 and the superior endplate line of S1 forming a Cobb angle (Cobb T12-S1), and (3) the superior sacral endplate line relative to horizontal or sacral base angle (SBA). See Figure 1 for these measurements.



For the current investigation, several new variables were calculated, including the following: (1) the intersection of posterior body lines at T12 and S1 forming a global angle of thoracolumbar lordosis (ARA T12-S1), (2) the posterior body tangent line of S1 relative to vertical (S1 tangent), (3) angle of pelvic incidence (API), and (4) the posterior tangent pelvic incidence angle (PTPIA). A negative value indicates spinal extension or lordosis. These methods of measurement have been reported to be highly reliable [16,35,36].




2.4. Pelvic Morphology


For pelvic morphology assessment, two separate measurements were evaluated. In Figure 2, the more recent angle of pelvic incidence (API) from Legaye et al. [8] was calculated instead of the pelvi-sacral angle from During et al. [7]. It is readily observed that the pelvi-sacral angle and the API always add up to 90° and are exactly inversely linearly correlated to each other. The second pelvic morphology angle calculated was the posterior tangent pelvic incidence angle (PTPIA). See Figure 3. In 2005, Harrison et al. [37] originally developed the PTPIA to represent the pelvic morphology relative to the posterior vertebral body tangent method of lumbar lordosis analysis. The API method (Figure 2) utilizes the SBA in construction, while the PTPIA (Figure 3) uses the posterior body of S1. Thus, different correlations and applications might result from these two different pelvic morphology measures. Diebo et al. suggested that the API minus the lumbar lordosis (LL) should be less than 10° (API − LL < 10°) [32] and we wished to analyze this equation relative to our data. Thus, we present an analysis of API − ARA T12-S1, API − ARA L1-L5, and API − Cobb T12-S1 for both our normal and CLBP groups in the results.




2.5. Statistical Analysis


The means, standard deviations, maximum and minimum values for LL, sacral tilt, pelvic morphology, and API − ARA T12-S1, API − ARA L1-L5, and API − Cobb T12-S1 alignment variables between the groups were analyzed. Linear correlations were investigated between the continuous variables segregated by pain group (normal and CLBP) and by sex (male or female). The primary correlations sought were between the pelvic morphology variables (API and PTPIA) and measures of LL, sacral tilt, and the elliptical ratio b/a.



To evaluate the sensitivity and specificity of the alignment variables between groups, we analyzed each of the pelvic morphology, lumbar lordotic angles, sacral angles, elliptical b/a ratio, API − ARA T12-S1, API − ARA L1-L5, and API − Cobb T12-S1 with receiver operating characteristic curves (ROC curves). For each ROC curve, we investigated the area under the curve (AUC), the optimum cutoff value between groups, and the sensitivity and specificity at this cutoff. In all cases, the criterion used for choosing the cutoff was minimization represented by the maximum Kolmorgorov–Smirnov (Max K–S) metric and the maximum value of Youden’s index. In the case of multiple cutoff values associated with Max K–S, the largest one is reported. SPSS version 29 was used to analyze the data.





3. Results


3.1. Means, Standard Deviation, and Minimum/Maximum Radiographic Parameters


The means, standard deviations, and maximum and minimum values for all variables between the groups are reported in Table 1. There were no statistically significant differences in group means or variances (p > 0.05) for both the analysis of variance (ANOVA) F tests and Bartlett’s tests [20]. Since there were no appreciable statistical differences in any of the pairwise relationships between males and females, mean height and weight, and when accounting for the group, the data are presented collectively by groups: normal vs. CLBP. The mean values for all three measures of LL (ARA L1-L5, ARA T12-S1, and Cobb T12-S1) were statistically different between the normal and CLBP groups (p < 0.001), indicating a hypo-lordotic lumbar spine for the CLBP group. The mean SBA was not significantly different between the groups (p > 0.05) but the posterior tangent of S1 to vertical (PTS1) was (p < 0.01). The mean b/a ratio was statistically different between the groups, being smaller in the chronic pain group (p = 0.0066). The mean values for the two pelvic morphology variables (API and PTPIA) were not statistically different between the groups. However, all three of the relationships of API − ARA T12-S1, API − ARA L1-L5, and API − Cobb T12-S1 were statistically different between the normal and CLBP groups (p < 0.001).




3.2. Pelvic Morphology and Matrix of Correlations


API had a stronger correlation to the SBA and Cobb T12-S1 than PTPIA did, while PTPIA had a stronger correlation to PTS1 and ARA T12-S1 than API did. Both API and PTPIA had similar correlations to ARA L1-L5. See Table 2. In terms of the linear correlation by sex, chronic pain male patients had slightly more hypolordosis ARA T12-S1 than chronic pain female patients. However, for both combinations of pain type (normal or chronic) and sex, SBA is positively correlated with API. This correlation was slightly greater for males than for females; despite these slight differences, there were no overt sex differences influencing the main outcomes so the results of the two groups are presented as combined for sex in both normal and chronic pain patients.




3.3. Receiver Operating Characteristic Curves


To provide a sensitivity and specificity evaluation, receiver operating characteristic curve (ROC) analyses were calculated. In Table 3, three of the variables (ARA T12-S1, Cobb T12-S1, and ARA L1-L5) had a good ability to discriminate between the normal and CLBP groups, while five of the variables (SBA, PTS1, PTPIA, API, and b/a ratio) had no better than random prediction. Figure 4 presents the ROC curves for ARA T12-S1 (67°), Cobb T12-S1 (56°), and ARA L1-L5 (36°) as dichotomous variables between the normal and low back pain groups, where the numbers (67°, 56°, and 36°) are the estimated optimal cutoff values to discriminate between the two groups. ROC plots for API − ARA T12-S1, API − ARA L1-L5, and API − Cobb T12-S1 are shown in Figure 5. API − ARA T12-S1 (red line) showed a good ability to discriminate between normal and CLBP groups: area under the curve (AUC) = 0.75, optimal cutoff value = −17.95°, sensitivity = 0.86, and specificity = 0.6. API − ARA L1-L5 (blue line) showed a reasonable discrimination between the normal and CLBP groups: AUC = 0.71, optimal cutoff value = 35.2°, sensitivity = 0.42, and specificity = 96. API − Cobb T12-S1 (light blue line) showed a reasonable discrimination between the groups: AUC = 0.69, optimal cutoff value = −4.79°, sensitivity = 0.62, and specificity = 68.




3.4. Dot Plots for the Relationship of Lumbar Lordosis in Normal vs. CLBP


In Figure 6, the relationships between LL T12-S1 (ARA T12-S1) and L1-L5 (ARA L1L5) and normal vs. CLBP pain are shown as dot plots. This depiction enables the ROC analysis results to be readily visualized between groups. Patients with CLBP (group 2) tend to have ARA T12-S1 < 68° and ARA L1-L5 < 36°.





4. Discussion


In the current investigation, we had hypothesized that differences in sagittal lumbar alignment between matched groups of normal and CLBP patients could be explained by variations in pelvic morphology between the groups. Since the CLBP group had hypolordosis, we expected to find smaller mean values for the API and PTPIA pelvic morphology variables as compared to the normal controls. However, the mean values for the two pelvic morphology variables (API and PTPIA) were not significantly different between normal controls and CLBP patients. Our primary hypothesis must be rejected in favor of the null hypothesis inasmuch as pelvic morphology variables alone do not explain group lordotic differences. Pelvic morphology explains LL in both normal and the CLBP patients depending upon which variables are used to assess the correlation. According to our findings, the chronic low back pain patients exhibit normal pelvic morphology parameters with a larger standard deviation from the mean but have a radiographically measured hypolordosis. Because our normal and CLBP groups have similar pelvic morphology values, but the CLBP patients have hypolordosis of their lumbar spine, our main findings indicate that CLBP patients have an abnormal response (poor fit) of the LL to their pelvic morphology and sacral inclination measures. However, this mismatch of the pelvic morphological parameters compared to lumbar lordosis is only significant for the ARA L1-L5, while the CLBP group actually possesses a statistically significant stronger correlation between the thoraco-lumbar-pelvic-measured lordosis using ARA T12-S1 and Cobb T12-S1. We propose that this is due to the fact that our two groups both have similar values for the SBA, and, previously, it was reported that the CLBP group had a different thoraco-lumbar curvature than the normal group [20]. Still, this finding of a stronger correlation between pelvic morphology and ARA T12-S1 and Cobb T12-S1 in CLBP is surprising and unexpected. However, the weaker correlation between ARA L1-L5 and API, PTPIA, and SBA in the CLBP group would seemingly predict the presence of low back pain in patients with a loss of lumbar lordosis with normal pelvic morphology. As recommended by Diebo and colleagues [32], we presented an analysis of the relative differences between the API and three different lordosis measurements using the following: (1) API − ARA T12-S1, (2) API − ARA L1-L5, and (3) API − Cobb T12-S1; each of these relationships were found to be statistically different between the normal and CLBP groups. The significance of these relationships and findings is detailed below in Section 4.1 and Section 4.2.



Previously, only a few studies have compared pelvic morphology variables in a group of CLBP (non-spondylolisthesis and scoliosis cases) to a control group [7,13,30]. In a study of 52 persons without low back pain compared to 44 patients with one of two lumbar conditions (general low back pain and L5-S1 disc degeneration with LBP), During et al. [7] found clinical differences in the pelvi-sacral angle (pelvic morphology) and distal lumbar curve circular radii in normal controls compared to the CLBP groups. However, their [7] patients were not matched for proper group characteristics. See Table 4. Similarly, Jackson et al. [13] reported the PR-S1 pelvic morphology variable and LL values in 20 controls and 20 matched CLBP patients with degenerative lumbar disc disease. A clinically significant (not statistically) increased PR-S1 value was found in CLBP patients with a concomitant reduced Cobb L1-S1 and T12-S1 LL. Jackson et al. [13] did not comment on the possible group differences in pelvic morphology vs. lordosis in terms of statistical significance; they reported correlations within groups. See Table 4. Lastly, Yoshimoto et al. [30] reported the API pelvic morphology variable and LL values in 150 patients with hip osteoarthritis (HOA) matched to 150 patients with degenerative lumbar disorders. The HOA patients had a statistically significant increased API (58.5 ± 14.0°) compared to the low back disorders group (51.9 ± 13.4°). Although there was no normal control group, the low back disorders group had a significantly reduced LL (L1-S1 Cobb = 35.2 ± 13.2°) and SBA (31.2 ± 10.5°) with the same mean range of the API as found in normal controls reported in the literature (see Table 4). This indicates that the low back group from Yoshimoto et al. [30] had an abnormal reduction or ‘fit’ of the LL to their API as in the current study’s results.



4.1. ROC Curve Analysis


As in the current study’s results, others have found that, on average, CLBP patients have hypolordosis with a reduction in the distal lumbar curve when compared to controls [13,16,18,20,21,22,23,24,25]. The finding of hypolordosis for the lumbar spine in CLBP is consistent with recent systematic reviews as well [28,29]. Typically, however, these studies present their results by comparing the group means and standard deviations [28,29]. This type of statistical analysis does not allow for a complete understanding of the relationship between hypolordosis and pain or if the mean value is an acceptable cutoff value for the determination of normal versus low back pain patients.



In the current study, we analyzed the ROC curves of the discriminatory pelvic morphology and LL variables between the groups to determine the sensitivity vs. specificity for the entire spread of cutoff values (not just the group means). In Table 3, we found the area under the ROC curve was 0.83 for ARA T12-S1 and 0.78 for ARA L1-L5, whose values are considered to be good classifications between the groups. In Figure 4, the estimated optimum cutoff values for the discrimination of normal vs. CLBP patients for ARA T12-S1 and ARA L1-L5 are 68° and 36°, respectively. These estimated cutoff values of 68° and 36° are more lordotic than the group means of the ones reported in Table 1 for the ARA T12-S1 and L1-L5 in our CLBP group. Diebo et al. [32] recommended the normal relationship between API − LL < 10° as a clinical cutoff value; accordingly, we analyzed the relationship between API − LL for an assessment of the fit of lordosis to pelvic morphology between our two groups. The ROC curves for API − ARA T12-S1, API − ARA L1-L5, and API − Cobb T12-S1 (Figure 5) all show a moderate to good ability to distinguish between normal and CLBP groups, with API − ARA T12-S1 (AUC = 0.75, cutoff value = −18°) being better than API − ARA L1-L5 (AUC = 0.71, cutoff value = 35°), and the least efficient, but still moderate, is API − Cobb T12-S1 (AUC = 0.68, cutoff value = −5°). Our findings are similar in context to those of Diebo et al. [32]; given the differences in measurements, they used the L1-S1 Cobb angle, while the current study used Cobb T12-S1 and posterior body lines on T12-S1, which accounts for the increase in the cutoff value of our finding of −18°. Our use of API − ARA L1-L5 is not comparable to that of Diebo et al. [32] as they included the sacral slope in their angle of LL measurement while L1-L5 does not include this increased angle.



Thus, these values (68° and 36° for ARA T12-S1 and ARA L1-L5) can be recommended as minimum estimated values for LL from T12-S1 and L1-L5 in a CLBP patient who has relatively normal API or PTPIA pelvic morphology values (see Table 1 and Table 4 for normal values). Furthermore, it can be recommended that the difference between API − ARA T12-S1 of −18° is an efficient cutoff value in its ability to discriminate between normal and CLBP groups as well when looking at how the lumbar lordosis fits the pelvic morphology. Significantly, rehabilitation interventions aimed at improving the hypo-lordotic lumbar spine of a CLBP patient have proven to be beneficial in the recent literature [38,39], but further investigations are needed to isolate specific subgroups that respond optimally, and also to determine the ideal treatment frequency and durations for each intervention.




4.2. Pelvic Morphology, Sacral Tilt, and Lordosis Mensuration


In 1998, Legaye et al. [8] presented a modification of the pelvi-sacral angle from During et al. [7] which they termed the angle of pelvic incidence (API in Figure 1). The pelvi-sacral angle is the complimentary side of the angle used for the API (API and pelvi-sacral always add up to 90°); as such, these have a perfect inverse correlation and only one is needed. See Figure 1. In the current study, we used a measurement of pelvic morphology (developed by Harrison in 2005) that uses the posterior body of S1 instead of the superior sacral endplate that is often obscured on X-rays for a variety of reasons (degeneration, spondylolisthesis, surgical fusions, etc.) [37]. This measurement was termed the posterior tangent pelvic incidence angle or PTPIA. See Figure 2. The PTPIA is strongly, but not perfectly, correlated to the API. See Table 2.



Our findings show that the PTPIA pelvic morphology variable has a stronger correlation to the S1 tangent angle and ARA T12-S1, while the API pelvic morphology variable has a stronger correlation to the SBA and Cobb angle measurements of LL (Table 2). This finding was expected since the API utilizes the SBA and the PTPIA utilizes the S1 tangent in their construction. Studies in the literature report both types of sacral tilt (SBA [7,8,9,10,11] and S1 tangent [16]) and LL measurements using Cobb angles [8,9,10,11,12,13] and ARA methods [17,19,20]. Therefore, it would seem straightforward that the API pelvic morphology variable should be used when the SBA and Cobb type of angles are measured and the PTPIA pelvic morphology variable should be used when reporting the S1 tangent and ARA’s for the determination of sagittal lumbar alignment. A recent study by Li et al. identified that the cross-sectional area of the lumbar erector spinae muscular, in addition to pelvic morphology, influences the shape and magnitude of lumbar lordosis [40]. Further, the results of Li et al. found that increased proximal lumbar lordosis occurs with increased pelvic morphology (distal lordosis stays the same) which is quite similar to our results of an increased b/a ratio (more circular geometry) with increasing pelvic morphology [40].



Some prior studies have demonstrated the importance of understanding pelvic morphology and the consequences of poor sagittal balance. The correlation to normal spine and sagittal biomechanics has previously been discussed and there have been some discussion regarding the potential pitfalls of having spinopelvic abnormalities that lead to poor sagittal balance. Understanding of the relationship between pelvic morphology and sagittal spine curvatures needs further investigation. Savarese et al. [33] stated in 2020: “Spinal deformity in the sagittal plane has been considered one of the main causes of disability, with a significant impact on health, and reputed by some authors as equivalent to diseases such as cancer, diabetes, and heart disease.” The spinopelvic morphology studies have contributed to measurable average parameters. The importance of our current study expands the understanding of the mismatch between normal pelvic morphology and LL and the consequences for CLBP patients [1,8,9,10,11,12,13,31,32,33,34]. Diebo et al. suggested that the API minus lumbar lordosis (LL) should be less than 10° (API − LL < 10°) [32] and the predisposition of adjacent segment disease after lumbar fusion has been reported with API − LL > 10° [41]. However, the 10° cut point is not so clear-cut. For example, Inami et al. [42] point out that the 10° cut point is only appropriate for APIs in the 50° (±SD) range, whereas, when the API is reduced to 30°, the API − LL equation approaches 0°, while, when the API is large, such as 80°, the API − LL equation approaches 20°. Thus, it becomes clear that it is the correlation between API and LL that matters more than a specific cutoff value in high and low pelvic incidence angles and this concept is similar to the results we report for the ROC curve analysis for ARA T12-S1, Cobb T12-S1, and L1-L5 regardless of the magnitude of a person’s API.



Been et al., in 2019, in an extensive discussion of the importance of a “neutral” zone of pelvic spinopelvic balance, identified it was necessary for proper function and reduction in pathologies. Conversely, they found that “Individuals out of the neutral zone, with accentuated or with decreased pelvic incidence and spinal curvatures, are at a higher risk for developing spinal pathology, back pain, and reduced quality of life” [31]. It is not the intention of the authors to conclude that low back pain is only caused by the mismatch of pelvic morphology and LL. Much of low back pain has a mechanical origin, at least in part [29], and causes include trauma, degeneration, metabolic, psychiatric, inflammatory, infectious, genetic, and postural. Low back pain can also be referred from diseased viscera and vessels. It is important for treating physicians to be aware of these causes of low back pain in order to provide a differential diagnosis. Proper history, orthopedic testing, neurological testing, social history, plain film radiography, and advanced imaging can provide clinical certainty for clinicians and present different avenues of treatment [42,43,44,45].




4.3. Study Limitations


Because our investigation used a database from a previous publication [20], there were some obvious constraints to the data analysis such as a lack of the standard deviations of certain demographic data such as the height and weight for each of the groups. However, the previous publication did perform proper statistical ANOVAs for age, height, and weight as confounding variables, so that data were used for the interpretation of the current investigation’s analysis. Similarly, detailed information on patient occupation and lifestyle habits was not available; thus, controlling for these variables was not possible. Comparing the results of our pelvic morphology variables in Table 1 to similar studies in the literature [8,9,10,11], it is apparent that our results report slightly larger values for the API. Two obvious reasons exist for this: (1) in approximately 20% of the cases, it was challenging to locate the superior apex of each femur head/acetabulum; and (2) we bisected the superior apex of the femur head/acetabulum instead of the centers of the femur heads for the location of the hip axis (HA). We did this for simplicity; however, doing so caused a slight superior shift of the true HA. Our method of locating the HA, by use of the superior apex of the femur head, has been previously reported [37]. As is the case for many reports in the literature, our cross-sectional study design did not allow us to determine which came first, the low back pain or the abnormal LL. In a unique, prospective study of 403 healthcare workers, Adams et al. [43] found that the loss of LL was a risk factor for the first-time occurrence of low back pain requiring intervention, and this is supported by the more recent meta-analysis on the topic [29]. It is our contention, however, that, regardless of which came first, the abnormal fit of the sagittal lumbar lordotic alignment to the pelvic morphology in CLBP patients is a problem associated with pain and impairment.



In our current report, we did not have detailed information regarding pain intensity and disability scales for the quantification of CLBP; thus, a correlation of the pain and disability magnitudes with the simultaneous loss of LL was not possible. Other investigators, however, have found that pain, health status scores, and disability are inversely correlated with sagittal lumbar alignment; in other words, the greater the abnormality, the greater the pain and disability [22,24,45]. Additionally, because we used a retrospective sampling of previously reported data, there is some missing examination information in our population such as a detailed analysis reporting the thoraco-lumbar range of motion of each participant [17,20]. However, previously, in a meta-analysis, Sadler and colleagues identified a clear finding of a reduced thoraco-lumbar lateral bending range of motion in chronic lower back pain populations matched to normal controls [29]; thus, we assume that our data would be similar and that the loss of lumbar lordosis is not dictated by any potential altered range of motion that may have existed in our population, but, rather, the amount of the lumbar lordosis dictates an altered range of motion [46,47]. Finally, our study used a relatively young adult population (mean age of 27–28 years) and these data may not apply to pediatric or older adult populations. Future studies are needed to build on the current investigation’s limitations and look at different age groups and types of populations. For example, recent investigations have looked at how altered sagittal postural profiles influence athletic skills and performance in collegiate athlete populations [48], and looking at how the LL fits pelvic morphology in this population might offer further insights to performance, injury potential, and treatment strategies. This is but one possible future avenue for research.





5. Conclusions


The decreased magnitude of pelvic morphology measures do not explain the hypolordosis of the sagittal lumbar spine in CLBP patients compared to a matched group of normal controls. The CLBP patients were found to have an abnormally reduced lumbar lordosis not predicted by reduced pelvic morphology measurements. While CLBP patients had a stronger correlation of thoraco-lumbar-pelvic lordosis (ARA T12-S1 and Cobb T12-S1) relative to pelvic morphology, they also had a reduced correlation of ARA L1-L5 lordosis relative to their SBA and pelvic morphology measures. Using receiver operating characteristic curve analyses, it was identified that the ARA L1-L5 lordosis of 36°, ARA T12-S1 of 68°, API − ARA T12-S1 (−18°), API − Cobb T12-S1 (−5°), and API − ARA L1-L5 (35°) have a good to moderate sensitivity and specificity to discriminate between normal and CLBP patients. Thus, these values for lumbar lordosis are recommended as a minimum value for lordosis when the pelvic morphology values of a patient are within normal ranges as found in control populations. In the future, larger sample sizes are needed to confirm or refute the current findings. Rehabilitation interventions should verify, in patients with normal pelvic morphology and hypolordosis, whether attempting to increase the hypo-lordotic lumbar from spine (ARA L1-L5) to the normal values identified herein in CLBP patients is associated with improved outcomes.
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	ROC
	Receiver operator characteristic curve



	SBA
	Sacral base angle







References


	



Gelb, D.E.; Lenke, L.G.; Bridwell, K.H.; Blanke, K.; McEnery, K.W. An analysis of sagittal spinal alignment in 100 asymptomatic middle and older aged volunteers. Spine 1995, 20, 1352–1358. [Google Scholar] [CrossRef]

	



Kobayashi, T.; Atsuta, Y.; Matsuno, T.; Takeda, N. A longitudinal study of congruent sagittal spinal alignment in an adult cohort. Spine 2004, 29, 671–676. [Google Scholar] [CrossRef]

	



Hammerberg, M.E.; Wood, K.B. Sagittal profile of the elderly. J. Spinal Disord. Technol. 2003, 16, 44–50. [Google Scholar] [CrossRef] [PubMed]

	



Murrie, V.L.; Dixon, A.K.; Hollingworth, W.; Wilson, H.; Doyle, T.A.C. Lumbar Lordosis: Study of patients with and without low back pain. Clin. Anat. 2003, 16, 147. [Google Scholar] [CrossRef] [PubMed]

	



Tuzun, C.; Yorulmaz Cindas, A.; Vatan, S. Low back pain and posture. Clin. Rheumatol. 1999, 18, 308–312. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, X.G.; Sun, Y.; Boonen, S.; Nicholson, P.H.; Brys, P.; Dequeker, J.; Felsenberg, D. Measurements of vertebral shape by radiographic morphometry: Sex differences and relationships with vertebral level and lumbar lordosis. Skelet. Radiol. 1998, 27, 380–384. [Google Scholar] [CrossRef]

	



During, J.; Goudfrooij, H.; Keessen, W.; Beeker, T.W.; Crowe, A. Toward standards for posture: Postural characteristics of the lower back system in normal and pathologic conditions. Spine 1985, 10, 83–87. [Google Scholar] [CrossRef]

	



Legaye, J.; Duval-Beaupere, G.; Hecquet, J.; Marty, C. Pelvic incidence: A fundamental pelvic parameter for three-dimensional regulation of spinal sagittal curves. Eur. Spine J. 1998, 7, 99–103. [Google Scholar] [CrossRef]

	



Roussouly, P.; Gollogly, S.; Berthonnaud, E.; Dimnet, J. Classification of the normal variation in the sagittal alignment of the human lumbar spine and pelvis in the standing position. Spine 2005, 30, 346–353. [Google Scholar] [CrossRef]

	



Vialle, R.; Levassor, N.; Rillardon, L.; Templier, A.; Skalli, W.; Guigui, P. Radiographic analysis of the sagittal alignment and balance of the spine in asymptomatic subjects. J. Bone Jt. Surg. 2005, 87, 260–267. [Google Scholar] [CrossRef]

	



Boulay, C.; Tardieu, C.; Hecquet, J.; Benaim, C.; Mouilleseaux, B.; Marty, C.; Prat-Pradal, D.; Legaye, J.; Duval-Beaupère, G. Sagittal alignment of spine and pelvis regulated by pelvic incidence: Standard values and prediction of lordosis. Eur. Spine J. 2006, 15, 415–422. [Google Scholar] [CrossRef] [PubMed]

	



Jackson, R.P.; Hales, C. Congruent spinopelvic alignment on standing lateral radiographs of adult volunteers. Spine 2000, 25, 2808–2815. [Google Scholar] [CrossRef] [PubMed]

	



Jackson, R.P.; Kanemura, T.; Kawakami, N.; Hales, C. Lumbopelvic lordosis and pelvic balance on repeated standing lateral radiographs of adult volunteers and untreated patients with constant low back pain. Spine 2000, 25, 575–586. [Google Scholar] [CrossRef]

	



Marty, C.; Boisaubert, B.; Descamps, H.; Montigny, J.P.; Hecquet, J.; Legaye, J.; Duval-Beaupere, G. The sagittal anatomy of the sacrum among young adults, infants, and spondylolisthesis patients. Eur. Spine J. 2002, 11, 119–125. [Google Scholar] [CrossRef]

	



Antoniades, S.B.; Hammerberg, K.W.; DeWald, R.L. Sagittal plane configuration of the sacrum in spondylolisthesis. Spine 2000, 25, 1085–1091. [Google Scholar] [CrossRef]

	



Jackson, R.P.; Peterson, M.D.; McManus, A.C.; Hales, C. Compensatory spinopelvic balance over the hip axis and better reliability in measuring lordosis to the pelvic radius on standing lateral radiographs of adult volunteers and patients. Spine 1998, 23, 1750–1767. [Google Scholar] [CrossRef]

	



Troyanovich, S.J.; Cailliet, R.; Janik, T.J.; Harrison, D.D.; Harrison, D.E. Radiographic mensuration charac-teristics of the sagittal lumbar spine from a normal population with a method to synthesize prior studies of lordosis. J. Spinal Disord. 1997, 10, 380–386. [Google Scholar] [CrossRef] [PubMed]

	



Jackson, R.P.; McManus, A.C. Radiographic analysis of sagittal plane alignment and balance in standing volunteers and patients with low back pain matched for age, sex, and size. Spine 1994, 19, 1611–1618. [Google Scholar] [CrossRef]

	



Janik, T.J.; Harrison, D.D.; Cailliet, R.; Troyanovich, S.J.; Harrison, D.E. Can the Sagittal Lumbar Curvature be Closely Approximated by an Ellipse? J. Orthop. Res. 1998, 16, 766–770. [Google Scholar] [CrossRef]

	



Harrison, D.D.; Cailliet, R.; Janik, T.J.; Troyanovich, S.J.; Harrison, D.E. Elliptical Modeling of the Sagittal lumbar lordosis and Segmental Rotation Angles as a Method to Discriminate Between Normal and Low Back Pain Subjects. J. Spinal Disord. 1998, 11, 430–439. [Google Scholar] [CrossRef]

	



Korovessis, P.; Stamatakis, M.; Baikousis, A. Segmental roentgenographic analysis of vertebral inclination on sagittal plane in asymptomatic versus chronic low back pain patients. J. Spinal Disord. 1999, 12, 131–137. [Google Scholar] [CrossRef]

	



Korovessis, P.; Dimas, A.; Iliopoulos, P.; Lambiris, E. Correlative analysis of lateral vertebral radiographic variables and medical out-comes study short-form health survey. A comparative study in asymptomatic volunteers versus patients with low back pain. J. Spinal Disord. Tech. 2002, 15, 384–390. [Google Scholar] [CrossRef] [PubMed]

	



Splithoff, C.A. Lumbosacral junction. Roentgenographic comparison of patients with and without back-aches. JAMA 1953, 152, 1610–1612. [Google Scholar] [CrossRef]

	



Tsuji, T.; Matsuyama, Y.; Sato, Y.; Hasegawa, Y.; Yimin, Y.; Iwata, H. Epidemiology of low back pain in the elderly: Correlation withlumbar lordosis. J. Orthop. Sci. 2001, 6, 307–311. [Google Scholar] [CrossRef] [PubMed]

	



Tsuji, T.; Matsuyama, Y.; Goto, M.; Yimin, Y.; Sato, K.; Hasegawa, H.; Ishiguro, N. Knee-spine syndrome: Correlation between sacral inclination and patellofemoral joint pain. J. Orthop. Sci. 2002, 7, 519–523. [Google Scholar] [CrossRef] [PubMed]

	



Hansson, T.; Bigos, S.; Beecher, P.; Wortley, M. The lumbar lordosis in acute and chronic low-back pain. Spine 1985, 10, 154–155. [Google Scholar] [CrossRef]

	



Frymoyer, J.W.; Newberg, A.; Pope, M.H.; Wilder, D.G.; Clements, J.; MacPherson, B. Spine radiographs in patients with low-back pain. J. Bone Jt. Surg. 1984, 66, 1048–1055. [Google Scholar] [CrossRef]

	



Chun, S.W.; Lim, C.Y.; Kim, K.; Hwang, J.; Chung, S.G. The relationships between low back pain and lumbar lordosis: A systematic review and meta-analysis. Spine J. 2017, 17, 1180–1191. [Google Scholar] [CrossRef]

	



Sadler, S.G.; Spink, M.J.; Ho, A.; De Jonge, X.J.; Chuter, V.H. Restriction in lateral bending range of motion, lumbar lordosis, and hamstring flexibility predicts the development of low back pain: A systematic review of prospective cohort studies. BMC Musculoskelet. Disord. 2017, 18, 179. [Google Scholar] [CrossRef]

	



Yoshimoto, H.; Sato, S.; Masuda, T.; Kanno, T.; Shundo, M.; Hyakumachi, T.; Yanagibashi, Y. Spinopelvic alignment in patients with osteoarthrosis of the hip. A radiographic comparison to patients with low back pain. Spine 2005, 30, 1650–1657. [Google Scholar] [CrossRef]

	



Been, E.; Simonovich, A.; Kalichman, L. Spinal Posture and Pathology in Modern Humans. In Spinal Evolution: Morphology, Function, and Pathology of the Spine in Hominoid Evolution; Been, E., Gómez-Olivencia, A., Kramer, P.A., Eds.; Springer International Publishing: Berlin/Heidelberg, Germany, 2019; pp. 301–320. [Google Scholar] [CrossRef]

	



Diebo, B.G.; Varghese, J.J.; Lafage, R.; Schwab, F.J.; Lafage, V. Sagittal alignment of the spine: What do you need to know? Clin. Neurol. Neurosurg. 2015, 139, 295–301. [Google Scholar] [CrossRef] [PubMed]

	



Savarese, L.G.; Menezes-Reis, R.; Bonugli, G.P.; Herrero, C.F.P.D.S.; Defino, H.L.A.; Nogueira-Barbosa, M.H. Spinopelvic sagittal balance: What does the radiologist need to know? Radiol. Bras. 2020, 53, 175–184. [Google Scholar] [CrossRef] [PubMed]

	



Protopsaltis, T.; Schwab, F.; Bronsard, N.; Smith, J.S.; Klineberg, E.; Mundis, G.; Ryan, D.J.; Hostin, R.; Hart, R.; Burton, D.; et al. TheT1 pelvic angle, a novel radiographic measure of global sagittal deformity, accounts for both spinal inclination and pelvic tilt and correlates with health-related quality of life. J. Bone Jt. Surg. Am. 2014, 96, 1631–1640. [Google Scholar] [CrossRef] [PubMed]

	



Berthonnaud, E.; Labelle, H.; Roussouly, P.; Grimard, G.; Vaz, G.; Dimnet, J. A variability study of computerized sagittal spinopelvic radiologic measurements of trunk balance. J. Spinal Disord. Tech. 2005, 18, 66–71. [Google Scholar] [CrossRef] [PubMed]

	



Hwang, J.H.; Modi, H.N.; Suh, S.W.; Hong, J.Y.; Park, Y.H.; Park, J.H.; Yang, J.H. Reliability of lumbar lordosis measurement in patients with spondylolisthesis: A case-control study comparing the Cobb, centroid, and posterior tangent methods. Spine 2010, 35, 1691–1700. [Google Scholar] [CrossRef]

	



Harrison, D.E.; Keller, T.S.; Betz, J.W.; Colloca, C.J.; Haas, J.W.; Harrison, D.D.; Janik, T.J. Radiographic and biomechanical analysis of patients with low back pain: A prospective clinical trial. In Proceedings of the 32nd Annual Meeting of the International Society for the Study of the Lumbar Spine, New York, NY, USA, 10–14 May 2005; p. 162. [Google Scholar]

	



Oakley, P.A.; Ehsani, N.N.; Moustafa, I.M.; Harrison, D.E. Restoring lumbar lordosis: A systematic review of controlled trials utilizing Chiropractic Bio Physics® (CBP®) non-surgical approach to increasing lumbar lordosis in the treatment of low back disorders. J. Phys. Ther. Sci. 2020, 32, 601–610. [Google Scholar] [CrossRef]

	



Lee, C.H.; Heo, S.J.; Park, S.H.; Jeong, H.S.; Kim, S.Y. Functional Changes in Patients and Morphological Changes in the Lumbar Intervertebral Disc after Applying Lordotic Curve-Controlled Traction: A Double-Blind Randomized Controlled Study. Medicina 2019, 56, 4. [Google Scholar] [CrossRef]

	



Li, Y.; Sun, J.; Wang, G. Lumbar lordosis morphology correlates to pelvic incidence and erector spinae muscularity. Sci. Rep. 2021, 11, 802. [Google Scholar] [CrossRef]

	



Rothenfluh, D.A.; Mueller, D.A.; Rothenfluh, E.; Min, K. Pelvic incidence-lumbar lordosis mismatch predisposes to adjacent segment disease after lumbar spinal fusion. Eur. Spine J. 2015, 24, 1251–1258. [Google Scholar] [CrossRef]

	



Inami, S.; Moridaira, H.; Takeuchi, D.; Shiba, Y.; Nohara, Y.; Taneichi, H. Optimum pelvic incidence minus lumbar lordosis value can be determined by individual pelvic incidence. Eur. Spine J. 2016, 25, 3638–3643. [Google Scholar] [CrossRef]

	



Adams, M.A.; Mannion, A.F.; Dolan, P. Personal risk factors for first time low back pain. Spine 1999, 24, 2497–2505. [Google Scholar] [CrossRef] [PubMed]

	



Casiano, V.E.; Sarwan, G.; Dydyk, A.M.; Varacallo, M. Back Pain. In StatPearls [Internet]; [Updated 2023 Dec 11]; StatPearls Publishing: Treasure Island, FL, USA, 2024. Available online: https://www.ncbi.nlm.nih.gov/books/NBK538173/ (accessed on 4 March 2024).

	



Glassman, S.D.; Bridwell, K.; Dimar, J.R.; Horton, W.; Berven, S.; Schwab, F. The impact of positive sagittal balance in adult spinal deformity. Spine 2005, 30, 2024–2029. [Google Scholar] [CrossRef] [PubMed]

	



Panjabi, M.; Yamamoto, I.; Oxland, T.; Crisco, J. How does posture affect coupling in the lumbar spine? Spine 1989, 14, 1002–1011. [Google Scholar] [CrossRef] [PubMed]

	



Cholewicki, J.; Crisco JJ 3rd Oxland, T.R.; Yamamoto, I.; Panjabi, M.M. Effects of posture and structure on three-dimensional coupled rotations in the lumbar spine. A biomechanical analysis. Spine 1996, 21, 2421–2428. [Google Scholar] [CrossRef]

	



Tamim, M.; Moustafa, I.M.; Alaparthi, G.K.; Oakley, P.A.; Harrison, D.E. Translational and Rotational Postural Aberrations Are Related to Pulmonary Functions and Skill-Related Physical Fitness Components in Collegiate Athletes. J. Clin. Med. 2023, 12, 4618. [Google Scholar] [CrossRef]








[image: Jcm 13 02178 g001] 





Figure 1. Measurements of lumbar lordosis included in this investigation. (A) Lumbar lordosis measured using the posterior body tangent method ARA L1-L5. (B) Thoraco-lumbar lordosis measurement using the posterior body tangent method ARA T12-S1. (C) Cobb angle of thoraco-lumbar lordosis measurement using the inferior endplate of T12 relative to the sacral surface of S1. (D) The b/a elliptical modelling ratio. 
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Figure 2. Angle of pelvic incidence (API) [8]. First, a line is drawn across the S1 endplate. Second, a perpendicular line is drawn inferiorly originating at the S1 endplate midpoint. Third, a line connecting the hip axis (bisection of tops of acetabulum in the current study) and the mid-S1 endplate is constructed. The angle Θ between the perpendicular mid-S1 endplate line and the hip axis mid-S1 body line is termed the API. The sacral base to horizontal (SBA) and pelvic tilt (PA) are also shown. 
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Figure 3. The posterior tangent pelvic incidence angle (PTPIA) is shown as originally developed by Harrison in 2005 [37]. This was adapted from previous methods. First, the PR line is drawn connecting the posterior superior corner of S1 to the hip axis (bisection of the femur heads superior apex points). Next, a line is drawn along the posterior body margin of S1. Then, the angle between the PR line and the S1 posterior tangent line is created as the PTPIA. 
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Figure 4. Receiver operating characteristic (ROC) plots. (1) A variable that could distinguish between normal and CLBP groups was ARA L1-L5 (blue): area under the curve (AUC) = 0.78, optimal cutoff value = −36.1°, sensitivity = 0.82, and specificity = 0.66. (2) Variable ARA T12-S1 (red): AUC = 0.83, optimal cutoff value = −67.43°, sensitivity = 0.70, and specificity = 0.92. (3) Variable Cobb T12-S1 (light blue): AUC = 0.68, optimal cutoff value = −56.05°, sensitivity = 0.56, and specificity = 0.86. 
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Figure 5. Receiver operating characteristic (ROC) plots for API − ARA T12-S1, API − Cobb T12-S1, and API − ARA L1-L5. These variables showed moderate to good ability to distinguish between normal and CLBP groups. (1) API − ARA T12-S1 (red line): area under the curve (AUC) = 0.75, optimal cutoff value = −17.95°, sensitivity = 0.86, and specificity = 0.6. (2) API − Cobb T12-S1 (light blue line) (AUC) = 0.69, optimal cutoff value = −4.78°, sensitivity = 0.62, and specificity = 0.68. (3) API − ARA L1-L5 (blue line): AUC = 0.71, optimal cutoff value = 35.2°, sensitivity = 0.42, and specificity = 0.96. 
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Figure 6. Dot plot addressing the relationship between lumbar lordosis ARA T12-S1 and ARA L1-L5 in the normal and chronic low back pain groups. Group 0 = normal, and 2 = chronic low back pain. Lordosis increases moving to left and decreases to the right. Patients with chronic low back (group 2) tend to have ARA T12-S1 < 68° and ARA L1-L5 < 36°; p < 0.001. 
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Table 1. Means, standard deviations (SD), and maximum and minimum values for all variables used in analysis of normal and chronic low back pain (CLBP) patients.






Table 1. Means, standard deviations (SD), and maximum and minimum values for all variables used in analysis of normal and chronic low back pain (CLBP) patients.





	
Variable

	
Normal Group

	
CLBP Patients




	

	
Mean ± SD

	
Max

	
Min

	
Mean ± SD

	
Max

	
Min






	
Age yrs

	
27.7 ± 8.5

	
52

	
18

	
29.5 ± 8

	
45

	
15




	
Height cm

	
171.5 $

	
$

	
$

	
174 $

	
$

	
$




	
Weight kg

	
70.8 $

	
$

	
$

	
74 $

	
$

	
$




	
Sex

	
29 Males, 21 Females

	
29 Males, 21 Females




	
ARA L1-L5

	
−40.2 ± 9.4°

	
−22.1°

	
−62.9°

	
−29.6 ± 9.6°

	
−1.6°

	
−50.3°




	
ARA T12-S1

	
−76.3 ± 9.9°

	
−47.8°

	
−97.3°

	
−61.9 ± 12.5°

	
−40.6°

	
−93.8°




	
Cobb T12-S1

	
−65.4 ± 9.4°

	
−44.2°

	
−83.4 °

	
−57.0 ± 14.7°

	
−27°

	
−85.3°




	
SBA

	
39.4 ± 7.2°

	
53.4°

	
23.9°

	
38.2 ± 11.6°

	
61.5°

	
14.0°




	
PT S1

	
50.3 ± 7.8°

	
62.1°

	
29.7°

	
43.1 ± 8.8°

	
74.2°

	
19.6°




	
b/a

	
0.389 ± 0.147

	
0.874

	
0.150

	
0.264 ± 0.181

	
0.747

	
0.000




	
API

	
56.8 ± 11°

	
82.2°

	
40.6°

	
58.0 ± 15.6°

	
95.2°

	
29.4°




	
PTPIA

	
73.9 ± 8.9°

	
92.9°

	
57.1°

	
68.4 ± 10.7°

	
92.4°

	
45.6°




	
API − ARA T12-S1

	
−19.5 ± 14.4°

	
13.8°

	
−47.6°

	
−3.3 ± 18°

	
49.3°

	
−40.1°




	
API − ARA L1-L5

	
16.6 ± 11.4°

	
40°

	
−7.8°

	
28.4 ± 16.2°

	
59.2°

	
1.5°




	
API − Cobb T12-S1

	
−8.6 ± 12.9°

	
18.9°

	
−33.7°

	
1.0 ± 14.3°

	
36.9°

	
−26.6°








Note: Variables are as follows: (1) the intersection of posterior body lines at L1-L5 forming a global angle of lumbar lordosis (ARA L1-L5), (2) the intersection of posterior body lines at T12-S1 forming a global angle of lumbar lordosis (ARA T12-S1), (3) the intersection of the inferior endplate line of T12 and the superior endplate line of S1 forming a Cobb angle (Cobb T12-S1), (4) the superior sacral endplate line relative to horizontal (SBA), (5) the posterior tangent body line of S1 relative to vertical (PTS1), (6) elliptical minor/major axis ratio (b/a), (7) angle of pelvic incidence (API), and (8) posterior tangent pelvic incidence angle (PTPIA). A negative value indicates spinal extension or lordosis. $ Data are missing from original publication records so information could not be retrieved [20].













 





Table 2. The matrix of correlations separated by normal and chronic low back pain groups and respective p-values for individual tests of significance that the correlation is zero vs. not zero.






Table 2. The matrix of correlations separated by normal and chronic low back pain groups and respective p-values for individual tests of significance that the correlation is zero vs. not zero.





	
Group

	
Variable

	
PTS1

	
ARA T12S1

	
Cobb T12S1

	
ARA L1L5

	
SBA

	
API

	
PTPIA




	
Normal

	

	

	

	

	

	

	

	






	

	
SBA

	
0.808 **

p < 0.001

	
−0.644 **

p < 0.001

	
−0.764 **

p < 0.001

	
−0.604 **

p < 0.001

	

	

	




	

	
API

	
0.231

p > 0.05

	
−0.047

p > 0.05

	
−0.200

p > 0.05

	
−0.378 **

p = 0.007

	
0.451 **

p < 0.001

	

	




	

	
PTPIA

	
0.486 **

p < 0.001

	
−0.233

p > 0.05

	
−0.136

p > 0.05

	
−0.325 *

p = 0.021

	
0.390 **

p = 0.005

	
0.858 **

p < 0.001

	




	

	
b/a

	
0.267

p > 0.05

	
−0.369 **

p = 0.008

	
−0.558 **

p < 0.001

	
−0.551 **

p < 0.001

	
0.399 **

p = 0.004

	
0.269

p > 0.05

	
0.112

p > 0.05




	
Chronic pain

	

	

	

	

	

	

	

	




	

	
SBA

	
0.649 **

p < 0.001

	
−0.585 **

p < 0.001

	
−0.897 **

p < 0.001

	
−0.401 **

p = 0.004

	

	

	




	

	
API

	
0.319 *

p = 0.024

	
−0.206

p > 0.05

	
−0.558 **

p < 0.001

	
−0.242

p > 0.05

	
0.728 **

p < 0.001

	

	




	

	
PTPIA

	
0.543 **

p < 0.001

	
−0.348 *

p = 0.013

	
−0.255

p > 0.05

	
−0.268

p > 0.05

	
0.362 *

p = 0.01

	
0.729 **

p < 0.001

	




	

	
b/a

	
0.588 **

p < 0.001

	
−0.703 **

p < 0.001

	
−0.612 **

p < 0.001

	
−0.550 **

p < 0.001

	
0.464 **

p < 0.001

	
0.375 **

p = 0.007

	
0.469 **

p < 0.001








Note: Variables are as follows: posterior tangent S1 to vertical (PTS1), sacral base angle to horizontal (SBA), lumbar lordosis T12-S1 (ARA T12-S1 and Cobb T12-S1), lumbar lordosis L1-L5 (ARA L1-L5), angle of pelvic incidence (API), posterior tangent pelvic incidence angle (PTPIA), pelvic radius to sacral base angle (PR-S1), and elliptical minor/major axis ratio (b/a). * p < 0.05, ** p < 0.01.













 





Table 3. Analyses of area under the curve (AUC), the optimum cutoff, and the sensitivity/specificity at this cutoff for receiver operating characteristic curves.
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	Groups
	Variable
	AUC
	Cutoff
	Sensitivity
	Specificity





	Normal vs. Chronic
	ARA L1-L5
	0.78
	−36.18°
	0.82
	0.66



	
	ARA T12-S1
	0.83
	−67.43°
	0.70
	0.92



	
	Cobb T12-S1
	0.68
	−56.05°
	0.56
	0.86



	
	API − ARA T12-S1
	0.75
	−17.95°
	0.86
	0.6



	
	API − ARA L1-L5
	0.71
	35.2°
	0.42
	0.96



	
	API − Cobb T12-S1
	0.69
	−4.79°
	0.62
	0.68







Note: Lumbar lordosis (ARA T12-S1, ARA L1-L5, and Cobb T12-S1). API − ARA T12-S1, API − ARA L1-L5, and API − Cobb T12-S1 all showed moderate to good ability to discriminate between the normal and CLBP groups. Variables are posterior tangent of S1 to vertical (PTS1), sacral base angle (SBA), angle of pelvic incidence (API), posterior tangent pelvic incidence angle (PTPIA), lumbar lordosis L1-L5 and T12-S1 (ARA L1-L5, 