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Toward understanding the underlying mechanisms of pelvic tilt reserve in adult spinal deformity: the role of the 3D hip orientation
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Purpose To explore 3D hip orientation in standing position in subjects with adult spinal deformity (ASD) presenting with different levels of compensatory mechanisms. Methods Subjects with ASD (n = 159) and controls (n = 68) underwent full-body biplanar X-rays with the calculation of 3D spinopelvic, postural and hip parameters. ASD subjects were grouped as ASD with knee flexion (ASD-KF) if they compensated by flexing their knees (knee flexion ≥ 5°), and ASD with knee extension (ASD-KE) otherwise (knee flexion < 5°). Spinopelvic, postural and hip parameters were compared between the three groups. Univariate and multivariate analyses were then computed between spinopelvic and hip parameters. Results ASD-KF had higher SVA (67 ± 66 mm vs. 2 ± 33 mm and 11 ± 21 mm), PT (27 ± 14° vs. 18 ± 9° and 11 ± 7°) and PI-LL mismatch (20 ± 26° vs -1 ± 18° and -13 ± 10°) when compared to ASD-KE and controls (all p < 0.05). ASD-KF also had a more tilted (34 ± 11° vs. 28 ± 9° and 26 ± 7°), anteverted (24 ± 6° vs. 20 ± 5° and 18 ± 4°) and abducted (59 ± 6° vs. 57 ± 4° and 56 ± 4°) acetabulum, with a higher posterior coverage (100 ± 6° vs. 97 ± 7° for ASD-KE) when compared to ASD-KE and controls (all p < 0.05). The main determinants of acetabular tilt, acetabular abduction and anterior acetabular coverage were PT, SVA and LL (adjusted R 2 [0.12; 0.5]). Conclusions ASD subjects compensating with knee flexion have altered hip orientation, characterized by increased posterior coverage (acetabular anteversion, tilt and posterior coverage) and decreased anterior coverage which can together lead to posterior femoro-acetabular impingement, thus limiting pelvic retroversion. This underlying mechanism could be potentially involved in the hip-spine syndrome.

Introduction

An aging of the worldwide population is actually being witnessed with the proportion of people over 60 predicted to increase [START_REF] Lutz | The coming acceleration of global population ageing[END_REF], leading to an increase in bone and joint pathologies [2]. Aging of the human skeleton, along with muscle degeneration, can lead to many functional and psychological burdens [START_REF] Bess | The health impact of symptomatic adult spinal deformity: comparison of deformity types to United States population norms and chronic diseases[END_REF][START_REF] Ferrero | Relationships between radiographic parameters and spinopelvic muscles in adult spinal deformity patients[END_REF][START_REF] Schwab | Adult scoliosis: a health assessment analysis by SF-36[END_REF]. The scientific community has seen a rising interest in spinal pathologies that are quickly becoming a public health issue.

Adult spinal deformity (ASD) is defined by specific radiological measures [START_REF] Kim | Clinically significant thromboembolic disease in adult spinal deformity surgery: incidence and risk factors in 737 patients[END_REF]. ASD includes a wide spectrum of deformities, including adult scoliosis, progressive adolescent idiopathic scoliosis in adult patients, hyperkyphosis and sagittal deformity (iatrogenic, degenerative or posttraumatic) [7]. ASD patients are known to present sagittal malalignment leading to the recruitment of compensatory mechanisms in order to maintain a horizontal gaze, and to keep their head and center of gravity above their feet [START_REF] Dubousset | Three-dimensional analysis of the scoliotic deformity[END_REF]. These compensatory mechanisms spread from the cervical spine proximally down to the lower limbs distally [START_REF] Barrey | Compensatory mechanisms contributing to keep the sagittal balance of the spine[END_REF][START_REF] Barrey | Sagittal balance disorders in severe degenerative spine. Can we identify the compensatory mechanisms?[END_REF][START_REF] Lafage | Standing balance and sagittal plane spinal deformity: analysis of spinopelvic and gravity line parameters[END_REF]. The succession of the events participating in this chain of mechanisms is well studied in the literature [START_REF] Lafage | Standing balance and sagittal plane spinal deformity: analysis of spinopelvic and gravity line parameters[END_REF][START_REF] Lazennec | Lumbarpelvic-femoral balance on sitting and standing lateral radiographs[END_REF][START_REF] Legaye | Pelvic incidence: a fundamental pelvic parameter for three-dimensional regulation of spinal sagittal curves[END_REF][START_REF] Obeid | Global analysis of sagittal spinal alignment in major deformities: correlation between lack of lumbar lordosis and flexion of the knee[END_REF][START_REF] Vialle | Radiographic analysis of the sagittal alignment and balance of the spine in asymptomatic subjects[END_REF][START_REF] Lafage | Defining the role of the lower limbs in compensating for sagittal malalignment[END_REF]. The deformity usually begins at the level of the spine and is characterized by a flattening of the spinal curvatures, especially at the lumbar level, even leading to an inversion in certain severe stages. This then leads to a pelvic retroversion as a compensatory mechanism [17], causing an extension at the level of the hips. Knee flexion develops in later stages in order to palliate for the exhaustion of said hip extension [START_REF] Lafage | Standing balance and sagittal plane spinal deformity: analysis of spinopelvic and gravity line parameters[END_REF][START_REF] Obeid | Global analysis of sagittal spinal alignment in major deformities: correlation between lack of lumbar lordosis and flexion of the knee[END_REF][START_REF] Hovorka | Mesure de la réserve d'extension de la hanche en relation avec le rachis. Étude comparative de deux méthodes radiologiques[END_REF] and is generally considered as the final stage of compensation [START_REF] Obeid | Global analysis of sagittal spinal alignment in major deformities: correlation between lack of lumbar lordosis and flexion of the knee[END_REF].

It is known that with the exhaustion of pelvic tilt reserve, the only remaining mechanism to maintain the head over the feet is to flex the knees. Moreover, subjects with ASD were found to have an anteverted acetabulum when compared to controls [START_REF] Buckland | Acetabular anteversion changes due to spinal deformity correction: bridging the gap between hip and spine surgeons[END_REF], with a decrease in this anteversion reported after spinal correction. Also, previous studies have showed that increased acetabular anteversion was associated with both increased pelvic incidence [START_REF] Thelen | Normative 3D acetabular orientation measurements by the low-dose EOS imaging system in 102 asymptomatic subjects in standing position: analyses by side, gender, pelvic incidence and reproducibility[END_REF] and pelvic tilt [START_REF] Assi | P 126 -Towards understanding the hip-spine syndrome in adults: a 3d approach in standing position[END_REF]. Therefore, it was hypothesized that hip morphology is involved in the chain of compensation and in the limitation of pelvic tilt reserve.

As such, the aim of this study was to explore the 3D hip morphology in the standing position in subjects with ASD presenting at different stages of compensation.

Methods

This is an IRB-approved cross-sectional monocentric study where subjects with ASD consulting our center for radiographic follow-up were enrolled. Subjects were included if they were > 20 years and had back pain, with at least one of the radiographic diagnostic criteria as defined by the International Spine Study Group [START_REF] Kim | Clinically significant thromboembolic disease in adult spinal deformity surgery: incidence and risk factors in 737 patients[END_REF]: pelvic tilt (PT) > 25°, Cobb angle > 20°, sagittal vertical axis (SVA) > 50 mm, or thoracic kyphosis (TK) > 60°. A control group was also enrolled and included subjects with no back pain or orthopedic history.

Demographic parameters (age, weight, height and sex) were collected. Full-body biplanar standing radiographs were performed (EOS Imaging ® , Paris, France) for all subjects in the freestanding position [START_REF] Faro | Evaluation of a functional position for lateral radiograph acquisition in adolescent idiopathic scoliosis[END_REF]. Then, 3D reconstructions of the spine and lower limbs were performed by well-trained operators using the SterEOS ® software (EOS Imaging ® , Paris, France; version 2019), and the pelvis was reconstructed in 3D using a specific software (Arts et Métiers ParisTech, Paris, France). Briefly, the 3D reconstruction technique of the pelvis is based on the detection of anatomical landmarks of the pelvis and proximal femur, on both the lateral and frontal radiographs, such as sacral plate contour, sacroiliac joint, acetabular rims, anterior-superior iliac spine, pubic symphysis, greater trochanter, femoral neck and femoral condyles. This allows a first estimation of the 3D pelvis shape that can be retroprojected on both images. The model is then adjusted by modifying the pelvic contours on both frontal and lateral radiographs for a best fit between retroprojected and radiographic contours [START_REF] Ghostine | Influence of patient axial malpositioning on the trueness and precision of pelvic parameters obtained from 3D reconstructions based on biplanar radiographs[END_REF].

Spinopelvic and global postural parameters were generated from the 3D skeletal reconstructions: SVA (in mm), CAM plumb line (in mm, as the sagittal distance between the center of auditory meatus plumb line and the posterior corner of the sacrum), C7-CSL (in mm, as the frontal deviation of the C7 plumb line to the middle of the sacral plate), lumbar lordosis L1S1 (LL, in °), thoracic kyphosis T1T12 (TK, in °), Cobb angle (in °), pelvic incidence (PI, in), PI-LL mismatch (in °), pelvic tilt (PT, in °) and knee flexion (KF, in °: flexion + /extension -) (Fig. 1).

The following hip parameters were calculated from the 3D pelvic reconstructions: acetabular anteversion (AAnt, in °), abduction (AAbd, in °), tilt (AT, in °), anterior and posterior coverage angles (AACA and PACA, respectively, in °). As for the lower limbs, acetabular coverage over the femoral head (ACFH, in %), neck shaft angle (NSA, in °) and femoral anteversion (FA, in °) were calculated (Fig. 2).

Statistics

At first, demographic parameters were compared between ASD subjects and controls using the Mann-Whitney test for age, weight and height and a chi-squared test for sex. The spinopelvic and global postural parameters were also compared between ASD subjects and controls using the Mann-Whitney test.

Then, in order to investigate the differences in hip morphology between different strategies of compensation in ASD, patients who presented with knee flexion ≥ 5° were grouped as ASD with knee flexion (ASD-KF), and those with knee flexion < 5° were grouped as ASD with knee extension (ASD-KE).

In order to assess the discrepancies in spinopelvic and postural alignment as well as hip parameters between ASD-KF, ASD-KE and controls, a Kruskal-Wallis test was applied followed by Conover-Iman pairwise comparisons with a Bonferroni correction.

The relationship between hip parameters and spinopelvic parameters was investigated through a univariate analysis, using Pearson's correlations. Then, in order to investigate the determinants of hip parameters among spinopelvic and postural alignment parameters, stepwise multiple linear regressions were computed while controlling for demographic variables. Xlstat ® (Addinsoft ® , Paris, France; version 2020.1.3.65336) was used for the statistical analysis. The level of significance was set at 0.05.

Results

In total, 159 ASD (126F and 33 M) and 68 controls (51F and 17 M) were included. There were no significant differences between the two groups for age (ASD = 46 ± 21 vs. controls = 39 ± 13 years, p = 0.052), weight (ASD = 69 ± 17 vs. controls = 68 ± 14 kg, p = 0.883) and sex (p = 0.352). Subjects with ASD were shorter than controls (ASD = 162 ± 10 vs. controls = 165 ± 8 cm, p = 0.015; Table 1).

When comparing spinopelvic and global postural parameters between ASD subjects and controls, ASD subjects were found to have an increased SVA as expected ( 29 When assessing patients according to knee flexion compensation, 67 ASD presented with knee flexion (≥ 5°) and were included in the ASD-KF group, while 92 had knee extension (< 5°) and were included in the ASD-KE group. Patients in the ASD-KF group had a more pronounced sagittal malalignment compared to the ASD-KE and control groups, characterized by a higher SVA (67 ± 66 mm vs. 2 ± 33 mm and -11 ± 21 mm resp., p < 0.001), knee flexion as expected (15 ± 9° [5°;50°] vs. -1 ± 4° [-13°;5°] and -1 ± 5° [-12°;11°] resp., p < 0.001), PT (27 ± 14° vs. 18 ± 9° and 11 ± 7° resp., p < 0.001) and PI-LL mismatch (20 ± 26° vs -1 ± 18° and -13 ± 10° resp., p < 0.001). Patients in the ASD-KE group had an increased Cobb angle compared to the ASD-KF and control groups (29 ± 17° vs. 23 ± 16° and 4 ± 6° resp., p < 0.001) (Fig. 3).

When investigating hip parameters, patients in the ASD-KF group were found to have increased acetabular coverage of the femoral head compared to the ASD-KE and control groups (48 ± 4% vs. 46 ± 4% and 44 ± 4% resp., p < 0.001), AT (34 ± 11° vs. 28 ± 9° and 26 ± 7° resp., p < 0.001), AAbd (59 ± 6° vs, 57 ± 4° and 56 ± 4° resp., p = 0.009 and AAnt (24 ± 6° vs. 20 ± 5° and 18 ± 4° resp., p < 0.001). However, for the case of the PACA, differences were found only between the ASD-KF and ASD-KE groups (100 ± 6° vs. 97 ± 7° resp., p = 0.006). Moreover, patients in the ASD-KF group had decreased AACA compared to the ASD-KE and control groups (54 ± 8° vs. 55 ± 8° and 60 ± 6° resp., p < 0.001) (Fig. 4). In addition, ASD-KF had a decreased NSA compared to the ASD-KE and control groups (126 ± 6 vs. 128 ± 6 and 129 ± 5° resp., p = 0.012), and FA (12 ± 9° vs. 16 ± 11° and 15 ± 8° resp., p = 0.03).

Hip parameters were found to be significantly correlated with spinopelvic and postural parameters (Table 2). For instance, positive correlations were found between PT and AT (r = 0.68, p = 0.012), and AAnt (r = 0.68, p = 0.001). AT was also found to be positively correlated with SVA (r = 0.47, p < 0.001). Furthermore, AAnt was positively correlated with PI-LL mismatch (r = 0.59, p < 0.001).

The multivariate analysis showed that the increase in ACFH was determined (adjusted R 2 = 0.12) by increasing age (β = 0.18) and PT (β = 0.23). The increased AT was determined (adjusted R 2 = 0.5) by decreasing height (β = -0.16) and increasing SVA (β = 0.14) and PT (β = 0.56). The increased AAbd was determined (adjusted R 2 = 0.33) by decreasing weight (β = -0.15) and increasing PT (β = 0.49) and SVA (β = 0.16). Furthermore, increased posterior coverage of the acetabulum was found to be determined (adjusted R 2 = 0.22) by increasing age (β = 0.15) and PT (β = 0.29) and decreasing height (β = -0.17) and Cobb angle (β = -0.14). Moreover, an increase in the anterior coverage of the acetabulum was found to be determined (adjusted R 2 = 0.24) by decreasing PT (β = -0.34) and Cobb angle (β = -0.18) and increasing L1S1 (β = 0.16). Increased AAnt (adjusted R 2 = 0.49) was found to be determined by increasing age (β = 0.15) 

Discussion

Subjects with adult spinal deformity are known to present with sagittal malalignment leading to the recruitment of several compensatory mechanisms in order to maintain balance, such as flattening of the thoracic spine, pelvic retroversion to a certain limit, and knee flexion [START_REF] Barrey | Compensatory mechanisms contributing to keep the sagittal balance of the spine[END_REF][START_REF] Barrey | Sagittal balance disorders in severe degenerative spine. Can we identify the compensatory mechanisms?[END_REF][START_REF] Lafage | Standing balance and sagittal plane spinal deformity: analysis of spinopelvic and gravity line parameters[END_REF][START_REF] Lazennec | Lumbarpelvic-femoral balance on sitting and standing lateral radiographs[END_REF][START_REF] Legaye | Pelvic incidence: a fundamental pelvic parameter for three-dimensional regulation of spinal sagittal curves[END_REF][START_REF] Obeid | Global analysis of sagittal spinal alignment in major deformities: correlation between lack of lumbar lordosis and flexion of the knee[END_REF][START_REF] Vialle | Radiographic analysis of the sagittal alignment and balance of the spine in asymptomatic subjects[END_REF]. This study investigated hip morphology in subjects with ASD presenting with different compensatory strategies in order to better understand the concept of pelvic tilt reserve. It was shown in this study that subjects with ASD with flexed knees presented with a more posteriorly tilted acetabulum, leading to an increase in posterior coverage and a decrease in anterior coverage, along with an increase in abduction and anteversion. These alterations in the acetabulum were determined by the increased SVA and PT and the decreased LL. ASD patients included in this study present the typical postural malalignment previously described in the literature: increased SVA, PT, knee flexion, frontal Cobb angle and decreased lumbar lordosis. It is known that subjects with ASD retrovert their pelvises in an attempt to shift the center of gravity posteriorly [START_REF] Duval-Beaupère | A barycentremetric study of the sagittal shape of spine and pelvis: the conditions required for an economic standing position[END_REF][START_REF] Minoda | Sagittal alignment of the lower extremity while standing in Japanese male[END_REF][START_REF] Schwab | Center of gravity and radiographic posture analysis: a preliminary review of adult volunteers and adult patients affected by scoliosis[END_REF][START_REF] Tardieu | How is sagittal balance acquired during bipedal gait acquisition? Comparison of neonatal and adult pelves in three dimensions. Evolutionary implications[END_REF]. However, this pelvis retroversion can reach a limit beyond which no further retroversion is possible. Therefore, in order to increase retroversion, ASD subjects tend to flex their knees as a final compensatory mechanism [START_REF] Lafage | Defining the role of the lower limbs in compensating for sagittal malalignment[END_REF].

By comparing ASD subjects with knee flexion to those without knee flexion and controls, ASD who flexed their knees were found to present with greater alterations of radiological parameters and an increased sagittal malalignment. In fact, ASD subjects with knee flexion had an increased SVA and CAM plumb line and thus increased forward bending of the trunk and head. This finding further emphasizes that subjects with flexed knees have a more advanced sagittal malalignment. In addition, ASD subjects with knee flexion had a lower LL and therefore a greater PI-LL mismatch. Actually, previous studies have shown that an exhaustion of pelvic retroversion occurred with increased PI-LL mismatch [START_REF] Liu | Chain of compensation related to PI-LL mismatch: a complete standing axis investigation including the lower extremities[END_REF] correlating with a more advanced stage of sagittal malalignment.

When assessing the hip parameters, ASD subjects with knee flexion presented with altered acetabular parameters when compared to ASD with knee extension and controls. In fact, an increasing pelvic retroversion, as seen in the group of ASD with increased knee flexion, would lead geometrically to an increased acetabular tilt posteriorly. Given the 3D orientation of the acetabulum, when the posterior coverage of the femoral head increases, this leads to decreased anterior coverage. In addition, the acetabulum will be more abducted and anteverted. This mechanism was validated by the results obtained in this study (Fig. 6). Previous studies have shown that ASD subjects tend to have altered acetabulum orientation characterized by increased acetabular anteversion [START_REF] Buckland | Acetabular anteversion changes due to spinal deformity correction: bridging the gap between hip and spine surgeons[END_REF]. Moreover, the findings of this study showed that ASD subjects who tend to compensate with additional knee flexion had a lowered neck shaft angle and femoral anteversion.

These alterations all together could play a role in limiting the retroversion of the pelvic segment as well as in the development of a femoro-acetabular impingement leading to the deterioration of the hip joint and therefore a decrease in function.

Future studies should include a larger sample in order to determine whether the reduced neck shaft angle and femoral anteversion are due to measurement errors or to bone remodeling in patients with spinal malalignment compensating with knee flexion.

Previous studies have shown better outcomes for patients without sagittal malalignment undergoing total hip arthroplasty than patients with sagittal malalignment [START_REF] Prather | Impact of coexistent lumbar spine disorders on clinical outcomes and physician charges associated with total hip arthroplasty[END_REF]. Also, it is known that patients with spinal fusion, therefore reduced spinal mobility, are at highest risk of hip impingement [START_REF] Stefl | Hip arthroplasty: avoiding and managing problems spinopelvic mobility and acetabular component position for total hip arthroplasty[END_REF]. The relationship between the spine and the hip is previously described in the literature as the spine-hip syndrome. However, the exact interaction between these two structures remains not fully elucidated [START_REF] Lazennec | Hip-spine relations and sagittal balance clinical consequences[END_REF][START_REF] Rivière | Spine-hip relations in patients with hip osteoarthritis[END_REF]. In this study, increased PI-LL mismatch and knee flexion were found to be correlated with increased acetabular tilt. In addition, increased SVA, knee flexion and PI-LL mismatch were positively correlated with the increased acetabular anteversion. These correlations further accentuate the findings seen in ASD patients who compensate Fig. 6 Chain of compensation in patients with ASD and influence on 3D hip orientation with knee flexion. Thus, a more severe sagittal malalignment might be associated with changes in acetabular orientation (Fig. 7). Furthermore, even the morphological alterations of the hip, such as the decreased neck shaft angle and femoral anteversion, were also correlated with the sagittal malalignment parameters.

In the multivariate analysis, PT was found to be a determinant of all acetabular parameters, showing the importance of this parameter in the chain of compensation and as a main determinant for the resulting hip orientation. Furthermore, other spinopelvic parameters like SVA and LL were found to be determinants of acetabular tilt, abduction and anterior coverage, thus emphasizing the close relationship between sagittal malalignment and hip orientation. Future studies should confirm if the correction of spinopelvic deformities can lead to subsequent adjustments in acetabular orientation.

In conclusion, this study showed that ASD subjects compensating with knee flexion had an increased pelvic tilt and presented a more tilted acetabulum, with decreased anterior coverage and increased posterior coverage, anteversion and abduction. These alterations might lead to femoro-acetabular impingement, thus limiting the increase in pelvic tilt, and thereby resulting in knee flexion in order to further compensate for increasing sagittal malalignment. This underlying mechanism could be potentially involved in the hip-spine syndrome.

  ± 59 vs. -11 ± 21 mm, p < 0.001), CAM plumb line (1.3 ± 57 vs. -27 ± 25 mm, p = 0.001), knee flexion (6 ± 10 vs. -1 ± 5°, p < 0.001), PT (22 ± 12 vs. 11 ± 7°, p < 0.001), Cobb angle (26 ± 17 vs. 4 ± 6°, p < 0.001) and a decreased LL (51 ± 22 vs 62 ± 10°, p < 0.001).
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 1 Fig. 1 Subject-specific 3D reconstructions of the spine and pelvis based on biplanar X-rays with computation of spinopelvic and global postural parameters
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 2 Fig. 2 3D Hip parameters
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 34 Fig. 3 Spinopelvic and global postural parameters: comparison between controls, ASD subjects presenting with knee flexion and ASD subjects presenting with knee extension
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 5 Fig. 5 Major correlations between hip parameters and spinopelvic and global postural parameters

  

  

Table 1

 1 Demographic parameters and comparison between ASD subjects and controls

		ASD subjects (n = 159)	Controls (n = 68)	p value
	Age (years)	47 ± 21	38.6 ± 12.9	0.052
	Weight (Kg)	68 ± 17	67 ± 14	0.883
	Height (cm)	162 ± 10	165 ± 7	0.015*
	Sex			
	F	128	31	0.352
	M	51		
	*bold: significant difference			

Table 2

 2 Pearson's correlations between hip parameters and spinopelvic and postural alignment

	Pearson's correlation (r)	SVA	CAM plumb line C7-CSL Knee flexion PI	PT	PI-LL L1S1 T1T12 Frontal Cobb
	Acetabular tilt	0.47	0.25	0.21	0.30	0.17	0.68	0.57 -0.40 -0.15
	Acetabular abduction	0.39	0.19		0.20		0.55	0.42 -0.31 -0.17
	Acetabular anteversion	0.45	0.22	0.27	0.30	0.23	0.68	0.59 -0.42 -0.14
	Posterior acetabular coverage	0.23				0.21	0.41	0.30 -0.20
	Anterior acetabular coverage -0.31 -0.17	-0.23	-0.25		-0.44 -0.41 0.36	-0.23
	Acetabular coverage over the	0.17		0.15	0.23		0.32	0.25 -0.16
	femoral head							
	Neck shaft angle	-0.30 -0.21		-0.24		-0.28 -0.32 0.28
	Femoral anteversion	-0.15			-0.17	-0.15 -0.23	
	Only significant correlations were reported					
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