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3 ABSTRACT

4 Background: Pelvic tilt (PT) has been a parameter of interest in biomechanics of spinal 

5 deformity for decades. It remains unclear how patients achieve different values of PT pre- and 

6 postoperatively.

7 Research question: This study aimed at assessing the relative contribution of hip extension, 

8 knee flexion and ankle extension to PT, factoring malalignment and hip osteoarthritis (OA).

9 Methods: This retrospective included Adult Spinal Deformity (ASD) patients with 

10 preoperative full-body radiographs from a multicenter database, with a sub-analysis of patients 

11 with complete 1-year follow-up (1yFU). Age and PI-adjusted normative PT (NormPT) and 

12 offset from norm (OffPT) were calculated, as for sacro-femoral angle (SFA), knee flexion angle 

13 (KA) and ankle angle (AA). Multivariate linear regression models controlling for age, frailty, 

14 severe hip OA, pelvic incidence (PI), SFA, and KA were used to predict PT at baseline, and 

15 offset from NormPT. Another model was generated to predict PT change.

16 Results: 600 patients at baseline and 336 with 1yFU were included. Mean age was 6115, 

17 70.2% were females and 40% were revision cases. At baseline, regression analysis revealed 

18 that 1 increase in hip extension (SFA) amounts to 0.9 increase in PT, and 1 increase in knee 

19 flexion (KA) to 0.6 increase in PT. 

20 Knee and ankle contribution to PT significantly increased for while hip extension decreased as 

21 TPA augmented (p<0.001). Patients with low deformity compensated with hip extension, while 

22 knee flexion was the largest contributor of PT in high deformity patients: 70.7% (44.7 – 111.9). 

23 Median contribution of knee flexion to PT was larger for patients who presented hip OA.

24 Significance: This study demonstrated that PT is a phenomenon driven by extension of the hips 

25 and flexion of the knees and proposed values to predict PT from those two compensatory 

26 mechanisms. Magnitude of spinal deformity and hip OA alters the magnitude of SFA/KA 

27 contribution to PT.

28

29 KEYWORDS: pelvic tilt; pelvic retroversion; knee flexion; hip extension; lower limb; sagittal 

30 malalignment
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31 INTRODUCTION

32

33 Adult spinal deformity (ASD) is a frequent condition with a prevalence exceeding 60% in 

34 patients aged above 60 years according to certain authors [1], with an expected ongoing increase 

35 with the aging of population. ASD encompasses different patterns of spinal deformity, and 

36 when symptomatic causes a major impact on health-related quality of life (HRQoL) [2]. Global 

37 malalignment is commonly associated with ASD, and is a main driver for pain and disability 

38 [3]. In order to maintain an aligned posture, several compensatory mechanisms can be recruited 

39 in standing position and while walking [4,5]. The first mechanisms to be activated are the 

40 spinopelvic ones adjacent to the kyphotic spine such as cervical hyperlordosis, thoracic 

41 kyphosis flattening, lumbar hyperextension and retrolisthesis, and pelvic retroversion [6]. After 

42 exhaustion of spino-pelvic mechanisms in case of worsening alignment, compensation through 

43 hip extension, knee flexion and ankle flexion to increase pelvic retroversion and pelvic shift 

44 becomes essential [7,8]. Indeed, it has been demonstrated that removal of lower limb 

45 compensation in malaligned patients was associated with a two-fold greater sagittal vertical 

46 axis (SVA) [9].

47

48 Previous studies have reported the correlation between sagittal malalignment and lower 

49 limb mechanisms [8,10]. Other authors have described the evolution of lower limb 

50 compensatory mechanisms recruitment according to malalignment, highlighting non-linear 

51 relationship [11]. Thus, pelvic retroversion plateaued for most anterior values of SVA while 

52 pelvic shift was constantly progressing. The participation of knee and ankle flexions in 

53 compensation was minimal in low SVA, increased for more anterior SVA before decreasing 

54 for extreme SVA. Lafage et al. also demonstrated that hip osteoarthritis (OA) was significantly 
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55 associated with spino-pelvic compensatory mechanisms in standing and sitting position, with 

56 severe OA patients presenting lower hip range of motion and higher change in pelvic tilt [12]. 

57

58 Although the lower limb compensatory mechanisms have been extensively described in 

59 literature, little is known about the relationship between them and the factors influencing their 

60 recruitment. The goal of this study was to assess hip extension, knee flexion and ankle flexion 

61 contribution to pelvic tilt variation, accounting for hip osteoarthritis. The hypothesis was that 

62 pelvic tilt is a multifactorial phenomenon driven by hip extension, knee flexion, ankle flexion 

63 and is affected by hip osteoarthritis.
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64 METHODS

65 Population

66 This study was a retrospective review of a prospective multicentric database of ASD 

67 patients. Patients with pre- and post-operative full-body radiographs were included if they met 

68 at least one of the following criteria:

69  Severe Radiographic deformity: PI-LL≥25°, TPA≥30°, SVA≥15cm, Thoracic Cobb 

70 ≥70°, or Thoraco-lumbar Cobb≥50°

71  Complex Surgical procedure: ≥12 levels fused, 3CO or ACR

72  Geriatric deformity surgery: >65-year-old and ≥7 levels fused

73 Exclusion criteria were the following: presence of inflammatory or autoimmune diseases, 

74 neuromuscular disorder (such as Parkinson’s), active tumor or infection, trauma or syndromic 

75 scoliosis. This study was approved by Institutional Review Boards in each site, and all patients 

76 provided informed written consent. This study was registered on ClinicalTrials.gov 

77 (#NCT04194138).

78

79 Parameters 

80 Patients’ demographics were collected preoperatively: age, sex, race, education, body mass 

81 index (BMI), Charlson comorbidity index (CCI), frailty score, history of lumbar surgery. The 

82 following baseline patient reported outcomes were also noted: Oswestry disability index (ODI), 

83 PROMIS score, the Veteran’s RAND-12 (VR-12) and the Scoliosis Research Society 22 score 

84 (SRS-22).

85 Hip OA was assessed preoperatively by grading left and right hip from 1 to 4 according to 

86 Kellgren-Lawrence’s classification [13]. Classic spino-pelvic parameters were measured: 

87 pelvic incidence (PI), pelvic tilt (PT), L1-S1 lumbar lordosis (LL), PI-LL mismatch, T2-T12 

88 thoracic kyphosis (TK), sagittal vertical axis (SVA), T1 pelvic angle (TPA), thoracic and 
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89 lumbar Cobb angles as well as SRS-Schwab classification. Lower limb parameters were 

90 assessed through sacro-femoral angle (SFA), pelvic shift (P. Shift), knee angle (KA), and ankle 

91 angle (AA) (Figure 1). Radiographic alignment was measured pre- and postoperatively.

92 The offset between measured PT (OffPT) and age-and-PI adjusted normative value 

93 (NormPT) was calculated as per Iyer et al. regressions based on a cohort of 119 asymptomatic 

94 volunteers [14]. The same offsets were calculated for SFA, KA and AA:

95  PT = -14.088506 + 0.400229 * PI + 0.143222 * Age       (R2=0.508)

96  SFA = 176.589074 + 0.433317 * PI                                  (R2=0.332)

97  KA = -11.778654 + 0.190999 * Age                                  (R2=0.247)

98  AA = -0.555636 + 0.071511 * Age                                    (R2=0.155)

99

100 Statistical analysis

101 First, baseline, surgical and in-hospital parameters were described using mean ± standard 

102 deviation. The offsets of PT, SFA, KA and AA from age- and PI-adjusted values were 

103 investigated with overall description and comparison across hip OA grades. Multilinear 

104 regression was performed to evaluate the respective contributions of hip and knee to pelvic 

105 compensation, while controlling for age, frailty, PI and OA grade.

106 Patients were then stratified by deformity severity into four equal groups according to TPA 

107 magnitude: “Minimal”, “Low”, “Moderate” and “High”. Percentage of hip and knee 

108 compensation contributing to pelvic compensation was compared between the groups. This 

109 analysis was further carried out according to Hip OA grade. Patients were labelled as “high-

110 OA” if they had available OA grade data for both hips, with at least one of them graded ≥3, and 

111 “low-OA” if ≤2. The patients with total hip replacement or who did not meet these requirements 

112 were not included in this analysis.
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113 A sub-analysis was conducted on patients who completed 1-year follow-up at the time of 

114 the analysis. Multilinear regression was utilized to evaluate SFA, KA and PT compensation 

115 relaxation following ASD surgery, controlling for age, frailty, PI and OA grade.

116 Statistical analyses were conducted with RStudio (Version 2023.09.1+494) with p-values 

117 lower than 0.05 considered significant.
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119 RESULTS

120

121 Baseline description

122 This study included 600 patients with a mean age of 61.1±15.1 years and a mean BMI of 

123 27.3±5.5 kg.m-2. There were 70.2% of females and 39.5% of the cohort had a previous 

124 thoracolumbar surgery. Preoperative HRQoL demonstrated moderate to severe pain and 

125 disability (Table 1). There were 46.6% of patients SRS-Schwab type N, 28.0% type L patients 

126 and 23.7% type D. Sagittal alignment was poor, with 45.2% of patients graded as ++ for SRS-

127 Schwab PI-LL modifier, 30.8% of ++ patients for PT modifier and 31.6% for the SVA modifier.

128

129 Pelvic and lower limb compensation

130 Mean preoperative compensation in the lower limbs, measured as the offset from age-and-

131 PI adjusted normative values, were of 8.3±9.2° for PT, 3.8±10.0° for SFA, 5.6 ± 8.7° for KA 

132 and 1.2±4.4° for AA. The cohort was equally distributed between hip high-OA and low-OA 

133 groups, with respectively 273 and 274 patients.

134 Patients with greater hip degeneration were older (65.8±11.8 versus 55.2±16.8 years, 

135 p<0.001), with greater OffPT (9.4±9.2 versus 7.4 ± 9.1°, p=0.01), OffKA (7.4±8.9 versus 3.6 

136 ± 7.8°, p<0.001), and OffAA (1.7±4.6 versus 0.6±4.1°, p=0.005). There were no differences in 

137 pelvic incidence (p=0.56) nor SFA values (p=0.79) between the two groups.

138 Multilinear regression demonstrated a significant association of hip (SFA) and knee 

139 compensation (KA) with pelvic tilt, with a high R-squared value of 0.951 (standard error: 2.5°). 

140 This regression highlighted that 1° increase in hip extension amounts to 0.9° increase in PT, 

141 while 1° increase in knee flexion was associated with 0.6° increase in PT. Including AA in the 

142 regression provided the following geometric formula: PT=SFA-180+KA-AA (Figure 1).

143
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144 Contribution of lower limbs to PT across deformity groups

145 Patients with poorer alignment were significantly older, with a greater PI as well as pelvic 

146 and lower limb compensation: greater PT, SFA, KA and AA (Table 2). There were no 

147 compensations in the “Minimal” group.

148 Comparison of relative contribution to PT demonstrated a significant increase of knee and 

149 ankle participation while hip extension decreased significantly as TPA augmented (p<0.001) 

150 (Figure 2). Patients compensated first with hip extension (100% for low deformity), then 

151 recruited knee flexion that became the largest contributor of pelvic tilt in high deformity 

152 patients (Figure 3). 

153 Stratification by hip OA grade demonstrated a larger median contribution of knee flexion 

154 to pelvic compensation for patients who presented hip degeneration, exceeding hip extension 

155 contribution for moderate deformities in hip-OA patients, versus for high deformities in no-OA 

156 patients (Figure 4).

157

158 Postoperative change

159 In the cohort, 336 patients completed their 1-year follow-up out of 406 eligible patients 

160 (83% follow-up rate), of whom 264 had full-body X-rays. There was a significant change in 

161 coronal and sagittal alignment postoperatively: maximum Cobb angle decreased by 19.1° (IQR: 

162 9.0 to 33.5°), PI-LL mismatch decreased by 12.7±18.2° (p<0.001) and TPA decreased by 

163 6.6±10.1° (p<0.001). Consequently, it was noted a 3.0±7.8° decrease in PT (p<0.001), 1.4±6.4° 

164 decrease in SFA (p<0.001) and 1.6±7.0° decrease in KA (p<0.001), but no significant change 

165 in AA (p=0.74).

166 Pelvic tilt variation between preoperative and 1-year follow-up was correlated with that of 

167 SFA (r=0.80, p<0.001), KA (r=0.59, p<0.001), and AA (r=0.42, p<0.001). Multivariate 

168 regression, controlling for demographics, hip degeneration and PI demonstrated excellent 
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169 results with an R-squared of 0.907 (standard error of the estimate = 2.35°). Regression 

170 coefficients demonstrated that a 0.9° change in SFA (95%CI: 0.83 to 0.93°) and 0.6° change in 

171 KA (95%CI: 0.51 to 0.59°) contributed to 1° change in PT at one year.
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172 DISCUSSION

173

174 The major role of lower limb compensation in spinal sagittal malalignment in order to 

175 maintain whole-body balance has been demonstrated in literature [9]. Lower limbs also reflect 

176 post-operative global alignment as lower limb pathologic compensatory mechanisms should be 

177 restored in case of appropriate spinal alignment correction [15]. Persistent lower limb 

178 compensation postoperatively may indicate under-correction of malalignment [16]. The results 

179 of this study allow to further understand the relationships between the different compensatory 

180 mechanisms in the lower limbs and the factors influencing their recruitment. Thus, the 

181 magnitude of sagittal malalignment significantly impacted proportion of hip extension and knee 

182 flexion to pelvic retroversion. In moderate deformities, all patients used hip extension and 

183 started recruiting knee flexion for poorer alignment, until the proportion of knee flexion 

184 surpassed hip participation in pelvic retroversion. Hip degeneration was another significant 

185 factor differentiating several patterns in high-PT patients. Indeed, patients with major hip OA 

186 used more knee flexion while patients without hip degeneration recruited hip extension in order 

187 to increase pelvic tilt. After ASD correction surgery, hip contribution to PT decrease was 

188 greater than the knee’s. 

189

190 Pelvic retroversion is a major compensatory mechanism for sagittal malalignment and is 

191 correlated with patients’ HRQoL [17]. Two main independent phenomena can lead to an 

192 increased pelvic tilt: hip extension and knee flexion. The latter phenomenon is associated with 

193 an augmentation in posterior translation of pelvis (pelvic shift). This study highlighted that hip 

194 extension was used at early-stage deformities, while knee flexion participation to pelvic tilt 

195 outweighed hip extension in major deformities, according to TPA groups. Similarly, Cheng et 

196 al. demonstrated that for larger PI-LL mismatches, relative importance of hip extension 
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197 decreases in favor of knee flexion by providing greater femoral incline [18]. Shimizu et al. also 

198 demonstrated a higher prevalence in lower limb compensation in ASD patients with increased 

199 cranial SVA, especially knee flexion [19]. These authors also concluded that as all lower limb 

200 compensatory mechanisms resulted in pelvic retroversion, lower-extremity compensation can 

201 be estimated without obtaining a full-body radiograph, using PT cutoff values determined in 

202 their study. However, other authors have demonstrated that sagittal malalignment of the spine 

203 did not only induce change in the sagittal plane at the lower limb level. Indeed, Sato et al. noted 

204 a 3D alignment improvement of lower limbs after ASD correction surgery, with significant 

205 impact on knee flexion and hip-knee-ankle angle, measured in the coronal plane [20]. 

206

207 This study exhibited a significant impact of hip osteoarthritis on lower limb compensation 

208 for sagittal spinal malalignment, underlining once more the central relationship between hip 

209 and spine. Patients with major hip degeneration used more knee flexion than hip extension to 

210 increase their pelvic retroversion. These findings are in line with a recent study from the 

211 International Spine Study Group, highlighting that patients with severe hip and knee OA 

212 exhibited decreased SFA and PT, but increased KA [21]. Day et al.’s study results in 136 

213 patients, noting that patients with severe hip osteoarthritis rather utilized pelvic shift and 

214 thoracic kyphosis flattening than pelvic retroversion to compensate for sagittal malalignment 

215 [22]. Other authors have demonstrated that patients with severe hip osteoarthritis exhibited 

216 limited ranges of coordinated motion of pelvis, femur and hips in daily life movements [23]. 

217 Moreover, patients with severe hip osteoarthritis present a poorer global alignment than patients 

218 with no degeneration in hips [24]. After total hip replacement, these patients presented 

219 significant improvement in thoracic kyphosis, sacral slope and knee flexion angle. These 

220 phenomena emphasize the need to evaluate hip osteoarthritis while assessing ASD patient as it 

221 may alter alignment and its compensatory mechanisms, especially since it has been 
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222 demonstrated that hip osteoarthritis was independently associated with the severity of disc 

223 degeneration in the lumbar spine [25]. Further, mobility of the hips should always be assessed 

224 before undertaking long spinal fusion to the pelvis as they will have to compensate for lost 

225 motion in the fused spine.

226

227 Limitations

228 This study presents several limitations, including its retrospective nature. First, the knee 

229 osteoarthritis grade was not assessed in this study. Similarly to hip OA, knee OA could have an 

230 impact on the recruitment of knee flexion. Second, a longer duration of follow-up would be 

231 required to assess long-term variation of compensatory mechanisms after ASD correction. In 

232 this study, the whole cohort did not complete the one-year follow-up. 

233

234 CONCLUSION

235 This study demonstrated that pelvic tilt is a phenomenon driven by extension of the hips, 

236 flexion of the knees and ankle flexion, and proposed values to predict PT from those two 

237 compensatory mechanisms of the lower limbs. The recruitment of theses mechanisms is 

238 regulated by sagittal malalignment magnitude and hip degeneration. Patients use first hip 

239 extension to compensate in low deformities then recruit knee flexion and ankle flexion as 

240 sagittal malalignment increases. In patients with hip osteoarthritis, knee flexion contribution to 

241 pelvic retroversion is larger.
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355 FIGURE LEGENDS

356

357 Figure 1: Measurement of pelvic tilt, sacro-femoral angle, knee angle, ankle angle and pelvic 

358 shift.

359

360 Figure 2: Relative contribution of hip, knee and ankle compensation to pelvic retroversion 

361 according to the four groups of sagittal malalignment severity.

362

363 Figure 3: Schematic representation of lower limb compensatory mechanisms contribution to 

364 pelvic retroversion in each TPA group. Offset values for each lower limb parameter are 

365 reported.

366

367 Figure 4: Relative contribution of hip, knee and ankle to pelvic retroversion according to 

368 sagittal malalignment severity, with respect to hip degeneration.
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369 TABLES

Demographics, Comorbidities and Past Medical History

Age (years) 65.7 
(55.4 – 71.5)

Sex
(Female) 70.2%

BMI (kg/m2) 26.9 
(23.4 – 30.7)

Race
(White) 91.2%

CCI 0 
(0 – 2)

Education
(College or higher) 67.3%

Frailty Score 3 
(2 – 4)

Previous thoracolumbar 
surgery (Yes) 43.5%

Patient Reported Outcomes (PRO)

NRS Back 7 
(6 – 9) NRS Leg 4 

(0 – 7)

PROMIS - Anxiety 56.0 
(50.6 – 62.0)

PROMIS - Physical 
Function

34.2
(29.3 – 39.0)

PROMIS - 
Depression

51.2 
(46.1 to 57.6) PROMIS - Social DSA 41.7 

(36.1 – 47.7)
PROMIS - Pain 

Interference
64.2 

(59.9 – 69.1) PROMIS - Social Role 39.5
(34.7 – 44.7)

ODI 44 
(32 – 58) VR12 PCS 28.0

(21.0 – 35.9)

VR12 MCS 49.0
(38.3 – 58.5) SRS22 Mental 3.6

(3.0 – 4.2)

SRS22 Activity 2.8
(2.2 – 3.4) SRS22 Appearance 2.4 

(1.8 – 3.0)

SRS22 Pain 2.4
(1.8 – 3.2) SRS22 Total 2.84

(2.4 – 3.3)
Coronal and Sagittal Spinal Alignment

Lumbar Cobb (°) 27.6 
(14.2 – 41.4) Thoracic Cobb (°) 20.8

(11.9 – 39.0)
Pelvic Incidence (°) 54.6 ± 13.4 Lumbar Lordosis (°) 37.6 ± 23.7

PI-LL (°) 16.9 ± 22.7 Thoracic Kyphosis (°) -38.1 
(-53.4 – -25.8)

T1-Pelvic-Angle (°) 24.3 ± 13.6 SVA (mm) 54.6 
(13.7 – 111.0)

Pelvic and Lower Limbs Compensation

Pelvic Tilt (°) 24.7 ± 11.0 Sacro-Femoral Angle (°) 204.9 
(197.5 to 211.5)

Knee Angle (°) 4.6
(-1.8 – 11.8) Ankle angle (°) 4.7 

(1.7 – 8.2)
370

371 Table 1: Preoperative data for the entire cohort. Values are reported as mean ± standard 

372 deviation, median (Q1 – Q3) or percentage as appropriate.
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TPA groups Minimal Low Moderate High p-value

TPA (°) 7.6 ± 6.1 20.1 ± 2.4 28.3 ± 2.6 41.7 ± 7.7 -

Demographics

PI (°) 48.5 ± 11.2 52.5 ± 11.0 55.7 ± 12.3 61.4 ± 15.5 <0.001

Age (years) 49.1

(30.6 – 66.1)

66.0

(57.5 – 71.9)

67.1

(59.6 – 71.9)

68.5

(62.4 – 73.5)
<0.001

Compensation

PT (°) 12.5 ± 7.5 22.8 ± 5.5 28.0 ± 6.5 36.0 ± 7.5 <0.001

SFA (°) 196.4 ± 8.6 204.6 ± 8.8 206.4 ± 10.5 209.8 ± 9.3 <0.001

KA (°) -0.9 ± 6.7 1.8 ± 6.9 7.6 ± 8.5 13.6 ± 8.2 <0.001

AA (°) 3.0 ± 3.7 3.6 ± 3.9 6.0 ± 4.5 7.5 ± 4.6 <0.001

Offset with age-and-PI adjusted normative values

OffPT (°) 0.2 ± 6.5 6.8 ± 6.3 10.3 ± 7.3 15.9 ± 8.0 <0.001

OffSFA (°) -1.2 ± 8.2 5.1 ± 8.9 5.4 ± 10.3 6.3 ± 10.0 <0.001

OffKA (°) 1.6 ± 6.1 1.4 ± 6.4 6.8 ± 8.4 12.7 ± 8.4 <0.001

OffAA (°) 0.1 ± 3.4 -0.4 ± 3.7 1.9 ± 4.5 3.3 ± 4.7 <0.001

Percentage of contribution to PT

SFA
106.7 %

(49.6 – 171.8)

96.8 %

(54.5 – 146.0)

63.8 %

(17.9 – 96.2)

46.1 %

(13.2 – 66.7)
<0.001

KA
10.4 %

(-98.6 – 83.0)

-6.1 %

(-56.3 – 47.4)

57.6 %

(4.6 – 102.8)

70.7 %

(44.7 – 

111.9)

<0.001

AA
5.2 %

(-48.3 – 57.3)

-1.3%

(-33.6 – 31.5)

19.6%

(-15.5 – 49.0)

19.1%

(2.3 – 38.6)
0.001

373

374 Table 2: Comparison of Age, Pelvic Incidence (PI), Pelvic Tilt (PT), Sacro-femoral angle 

375 (SFA), Knee Angle (KA) and Ankle Angle (AA) across global deformity (TPA) groups. Offsets 

376 for PT, SFA, KA and AA are provided per group and percentages of contribution to PT for SFA 

377 and KA. Values are reported as mean ± standard deviation, median (Q1 to Q3) or percentage 

378 as appropriate.
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