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Background: Many of the current total hip arthroplasty (THA) planning tools only consider sagittal pelvic
tilt in the standing and relaxed sitting positions. Considering that the risk of postoperative dislocation is
higher when bending forward or in sit-to-stand move, sagittal pelvic tilt in the flexed seated position
may be more relevant for preoperative planning. We hypothesized that there was a significant difference
in sagittal pelvic tilt between the relaxed sitting and flexed seated positions as measured by the sacral
slope in preoperative and postoperative full-body radiographs.
Methods: This was a multicenter retrospective analysis of the preoperative and postoperative simulta-
neous biplanar full-body radiographs of 93 primary THA patients in standing, relaxed sitting, and flexed
seated positions. The sagittal pelvic tilt was measured using the sacral slope relative to the horizontal
line.
Results: The mean difference between the preoperative sacral slope in the relaxed sitting position and
the flexed seated position was 11.3� (�13� to 43�) (P < .0001). This difference was >10� in 52 patients
(56%) and >20� in 18 patients (19.4%). The mean difference between the postoperative sacral slope in a
relaxed sitting position and the sacral slope in a flexed seated position was 11.3� (P < .0001). This dif-
ference was >10� in 51 patients (54.9%) and >30� in 14 patients (15.1%) postoperatively.
Conclusions: There was a significant difference in sagittal pelvic tilt between the relaxed and flexed
seated positions. A flexed seated view provides valuable information that might be more relevant for
preoperative THA planning in order to prevent postoperative THA instability.
© 2023 The Authors. Published by Elsevier Inc. on behalf of The American Association of Hip and Knee
Surgeons. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/lice

nses/by-nc-nd/4.0/).
Introduction

In recent decades, researchers have understood the importance
of 3-dimensional analysis of pelvic and hip motions for the pre-
operative planning of total hip arthroplasty (THA) [1e7]. This is
conducted through the acquisition of preoperative lateral radio-
graphs of the lumbosacral junction or simultaneous biplanar
anteroposterior and lateral radiographs (EOS, EOS imaging SA,
Paris, France) in functional positions such as standing and relaxed
sitting positions. Due to the limitations in access to low-radiation
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simultaneous biplanar imaging (EOS) as well as the cost of the
additional radiographs, most surgeons and preoperative planning
software rely on a single acquisition of 1 standing radiograph and 1
relaxed sitting radiograph [8e11]. However, posterior THA dislo-
cation is more prevalent with the hip in flexion, similar to when the
patient is bending forward or in a flexed seated position (also called
a deep-seated or sit-to-stand position) [12e15].

Radiographic imaging of the lumbosacral junction was per-
formed to assess the more extreme pelvic tilt in the flexed seated
position [10,16,17]. In this position, the patients are asked to bend
forward while seated and simulate the motion to get up from the
seated position. Depending on the severity of the hip pathology or
flexibility of the lumbar spine and lumbosacral junction, the
sagittal, axial, and coronal pelvic tilt change compared with the
relaxed seated position (Figs. 1a-d and 2a-d). Patients with more
sociation of Hip and Knee Surgeons. This is an open access article under the CC BY-
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Figure 1. This figure shows the preoperative EOS imaging in relaxed seated (a and c) and flexed seated (b and d) of a patient who underwent primary THA. Coronal (lateral) pelvic
tilt was shown in Figure 1a and c (relative to the horizontal line). Sacral slope was shown in Figure 1b and d (relative to the horizontal line). There was increase in pelvis flexion
(anterior tilt) and coronal tilt (lateral tilt) of the pelvis in flexed seated position. Green line represents the horizontal line.
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severe hip pathology may have less hip flexion due to pain or
periarticular contractures, and as a result, they may try to flex their
spine forwardmore in order to move their center of gravity forward
to be able to stand up from a seated position. Patients with more
severe spine stiffness may rely more on their anterior pelvic tilt and
hip flexion to move their center of gravity forward to get up from
the sitting position.

This study aimed to investigate the preoperative and post-
operative simultaneous biplanar anteroposterior, and lateral pelvic
imaging of primary THA patients and compare the pelvic tilt in
standing, relaxed sitting, and flexed seated positions. We designed
this study to answer the following question: does sagittal pelvic tilt,
as measured by the sacral slope, differ significantly among the
standing, relaxed sitting, and flexed seated positions preoperatively
and postoperatively? We hypothesized that there is a significant
Figure 2. This figure shows the postoperative EOS imaging in relaxed seated (a and c) and fl

tilt) in both relaxed seated and flexed seated views. There was less coronal tilt as well. Gre
difference in sagittal pelvic tilt among the standing, relaxed sitting,
and flexed seated positions as measured by the sacral slope, which
may validate that flexed seated position radiographs are a valuable
view for preoperative planning. We also hypothesized that patients
would have different pelvic tilts in relaxed and flexed seated po-
sitions postoperatively due to the improvement in hip pain and hip
range of motion after THA.
Material and methods

In this multicenter study, we conducted a retrospective analysis
of preoperative and postoperative full-body standing, relaxed
sitting, and deep-seated simultaneous biplanar imaging (EOS) of
patients who underwent primary THA.
exed seated (b and d) in the same patient. The pelvis was in less flexion (less anterior
en line represents the horizontal line.



Figure 3. This figure shows the postoperative EOS imaging in relaxed sitting and flexed seated positions in a patient. Sacral slope was �14� in relaxed sitting position (a), which
changed to �1� in flexed seated position (b). Patient uses the thoracolumbar junction as well for bending forward. Green line represents the horizontal line.
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Study population

We obtained institutional review board approval from all in-
stitutions. We included 93 consecutive patients (aged 19-89 years)
who underwent primary THA at our institution between 2015 and
2020. We included patients who underwent primary THA (poste-
rior approach) and had high-quality preoperative and post-
operative imaging. All postoperative imaging was performed
between 6-12 weeks after the primary THA. None of the patients
underwent additional spine or lower extremity surgery between
the preoperative and postoperative imaging. The mean patient age
Figure 4. Difference between preoperative sacral slope in standing, relaxed sitting and
flexed seated positions. Positive number means more anterior pelvic tilt (pelvic
flexion) for flexed seated position and negative number means less anterior pelvic tilt
(and occasionally retroversion) for flexed seated position.
was 61.6 years (20-89 years). None of the patients experienced a
postoperative hip dislocation. We excluded any patients who had
missing preoperative or postoperative EOS imaging, any patients
who underwent revision THA or had previous lower extremity
surgery that could affect their posture in standing or sitting (long
bone fractures, amputations, etc.), THA for femoral neck fractures
or any patient who underwent additional spine or lower extremity
surgery between the preoperative and postoperative EOS imaging.
None of the patients had severe contralateral hip pathology that
prevented them from standing or sitting during the EOS imaging.
Figure 5. Difference between postoperative sacral slope in standing, relaxed sitting
and flexed seated positions. Positive number means more anterior pelvic tilt (pelvic
flexion) for flexed seated position and negative number means less anterior pelvic tilt
(and occasionally retroversion) for flexed seated position.
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Radiographic imaging technique

Each patient stood comfortably in the imaging machine, and
their position was specifically checked to avoid superimposition of
anatomical structures on the lateral view. For the relaxed sitting
position, patients sat in a relaxed position on a radiolucent chair
with adjustable height, with the knees bent to 90� and feet flat on
the floor. After imaging of the relaxed position was completed, the
patients were asked to bend forward and simulate the getting out
of chair motion while keeping their feet on the floor.

Study variables

Sacral slopewas defined as the angle between the superior plate
of S1 and the horizontal line. The change in sacral slope from
standing to relaxed sitting was calculated as “standing sacral slope
e relaxed sitting sacral slope”. The change in sacral slope from the
standing to flexed seated position was calculated as “standing
sacral slope e flexed seated sacral slope”. Patients were grouped
based on changes in sacral slope to normal (�10� of change in sacral
slope from standing to relaxed sitting) vs stiff (<10� of change in
sacral slope from standing to sitting) according to a published
classification [8]. An increase in sacral slope and positive numbers
represented anterior pelvic tilt (pelvic flexion). A decrease in the
sacral slope and negative numbers show posterior pelvic tilt (pelvic
extension).

Statistical analysis

Normal distribution of the values was checked using the
Shapiro-Wilk normality test for each series of measurements. For
data analysis, a paired t-test with a significance level of 5%was used
as patients are their own control group which makes the results
more robust, and requires a smaller sample size. Statistical analysis
was performed using Stata 14.1 (StataCorp LP, College Station,
Texas, USA).

Power analysis

A post hoc power analysis was conducted using G*Power v. 3.1.9
to determine the power of the study considering the current
sample size. Using an alpha of 0.05 and an effect size of 0.89,
calculated using Stata software, our total sample size of 93 provided
a study power of 0.97.

Results

The mean preoperative standing sacral slope was 37.6� (min:
14�, max: 60�, range: 46). The mean postoperative standing sacral
slope was 36.4� (min: 5�, max: 68�, range: 63) (P ¼ .06). This shows
extension (posterior tilt) of the pelvis in the standing position and a
wider range at 6-12 weeks after surgery. The mean preoperative
relaxed sitting sacral slope was 23.5� (min: �18�, max: 53�, range:
71). The mean postoperative relaxed sitting sacral slope was 25�

(min: �14�, max: 52�, range: 66) (P ¼ .06). This also shows more
pelvic extension in a relaxed sitting position after surgery. The
mean preoperative flexed seated sacral slope was 34.7� (min: �9�,
max: 69�, range: 60). The mean postoperative flexed seated sacral
slope was 36.3� (min: �1�, max: 74�, range: 75) (P ¼ .3). This
showed no significant difference in sacral slope between the pre-
operative and postoperative flexed seated positions, however, the
range increased slightly. Sacral slope could be negative in relaxed
and flexed seated positions in some patients depedning on their
anatomy and hip-spine relation (Fig. 3).
The difference between the preoperative standing sacral slope
and the preoperative flexed seated sacral slope was trending to-
ward significance (P ¼ .07) but this needed a larger sample size to
test (Fig. 4). The postoperative sacral slope in standing and flexed
seated positions was not significantly different (P ¼ .94) (Fig. 5).
There was significant difference between the preoperative relaxed
seated and flexed seated sacral slopes in paired t-test (mean: 11.3�,
range: �13� to 43�) (P < .0001). This difference was >10� in 52
patients (56%) and >20� in 18 patients (19.4%). There was signifi-
cant difference between the preoperative relaxed seated and flexed
seated sacral slope in paired t-test (mean: 11.3�, range:�13� to 37�)
(P < .0001). This difference was >10� in 51 patients (54.9%) and
>30� in 14 patients (15.1%) postoperatively.

We classified the patients into normal and stiff spines based on
changes in the sacral slope. When we considered the preoperative
sacral slope change from standing to relaxed sitting position, 36
patients (38.7%) were in the stiff spine group. This changed post-
operatively, with 44 patients (47.3%) in the stiff spine group. Among
our patients, 28 changed group (30.1%) postoperatively. Among
these 28 patients, 10 (35.7%) changed their group from stiff spine to
normal spine, and 18 (64.3%) changed their group from normal
spine to stiff spine. As there is no classification based on the change
in sacral slope from standing to flexed seated position, and our
sample size was not large enough, we could not draw any
conclusion.

Discussion

Static radiographic imaging in standing, relaxed sitting, flexed
seated position, and 1-leg standing positions are currently utilized
for the assessment of sagittal pelvic tilt in patients who undergo
THA. Most preoperative planning is performed using only 1
standing and 1 relaxed sitting radiograph. In this study, we showed
a significant difference between the relaxed sitting and flexed
seated positions both preoperatively and postoperatively. We also
found no difference in sacral slope between standing and flexed
seated positions. We also found significant postoperative changes
in pelvic tilt for each of these positions.

Hip instability and dislocation are a major cause of THA failure
[13e15,18,19]. Most THA dislocations are posterior and occur during
activities requiring hip flexion, such as bending forward or flexed
seated positions while getting up from a chair. Investigators have
shown the importance of hip-spine relations and how differences
in pelvic tilt in different positions can affect the risk of THA
impingement [1,3,6,16,20e22]. Computer simulations and preop-
erative planning software have been developed to optimize the
orientation of acetabular implants by considering sagittal pelvic tilt
[23e29]. Many of these software programs concentrate on pelvic
tilt in standing and relaxed sitting positions, but sagittal pelvic tilt
in flexed seated positions is not always considered. Behery et al.
investigated sagittal pelvic tilt in flexed seated and 1-leg stand
positions among 43 patients who underwent THA [16]. They found
significant differences between the relaxed and flexed seated po-
sitions in terms of sagittal pelvic tilt, which supported their hy-
potheses. Pierrepont et al. also investigated sagittal pelvic tilt in
1517 patients [30]. They reported that the mean change in sagittal
pelvic tilt in standing and flexed seated positions was approxi-
mately 1.8� (�51.8� to 39.5�). In our study, we not only showed a
difference in preoperative sagittal pelvic tilt but also a significant
difference in the postoperative sagittal pelvic tilt between these 2
positions. Although the mean difference was only 1.8� in Pierre-
pont’s study, 2� in Behery’s study, and 11.3� in our study, the range
of change in sagittal pelvic tilt was high. This difference was >10� in
52 patients (56%) and >20� in 18 patients (19.4%). Behery et al.
reported a difference of >10� in 73.1% of patients [16]. If we
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consider the change in sacral slope as a measurement of spine
stiffness as proposed in this published classification [8] the patient
categorization will change, requiring different preoperative plan-
ning for a fair amount of the patients. Many patients and surgeons
limit the forward flexion during the first 6-12 weeks to lower the
risk of dislocation. It is quite possible that patients bend forward
more after the first 6-12 weeks, which will increase the difference
between the flexed and relaxed sitting pelvic tilt as well. This, of
course, has to be investigated in future studies. This extreme dif-
ference in sagittal pelvic tilt requires close attention to optimize
acetabular implant orientation and avoid impingement that can
lead toTHA dislocation. Patients withmore anterior pelvic tilt while
getting up from a sitting position (mimicked by flexed seated view)
would require more cup anteversion and a potentially higher cup
inclination angle to prevent prosthetic impingement compared to
those who do not have significant anterior pelvic tilt while getting
up from sitting position. We also found no significant differences
between the standing and flexed seated sacral slopes. This means
that surgeons can potentially use the amount of pelvic tilt in
standing for the flexed seated position if they do not have the flexed
seated view; however, a larger study is required to investigate this
finding further and determine whether this finding is valid for all
patients.

Our study has several limitations. This was a retrospective
analysis of imaging studies. None of the patients experienced a
postoperative dislocation. Consequently, a correlation of the find-
ings with the occurrence of dislocation was not possible. We only
measured sagittal pelvic tilt, while coronal and axial pelvic tilt was
not measured. Previous studies using computer simulations have
shown that coronal and axial pelvic tilt could also affect the risk of
prosthetic impingement [31,32]. The effect of the contralateral hip
pain and pathology on the posture in standing and sitting positions,
especially in the flexed seated position, needs further investigation
with a large sample size.

Conclusions

There was a significant difference in sagittal pelvic tilt between
relaxed sitting and flexed seated positions both preoperatively
(mean: 11.3�, �13� to 43�) and postoperatively (mean: 11.3�, �13�
to 37�). However, the difference between the standing and flexed
seated view was not significant. A flexed seated view provides
valuable information that might be more relevant for preoperative
THA planning to prevent postoperative impingement that may lead
to THA instability. If radiograph in flexed seated is not available,
surgeons might use the sagittal pelvic tilt in standing position to
test for impingement in flexed seated position instead; however,
this requires more investigation in studies with larger sample size.
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