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Abstract

Background: Intraoperative pelvic tilt changes that occurs during total hip arthroplasty (THA) in the supine position
affects cup placement and sometimes causes malalignment. The relationship between body mass index (BMI) and
pelvic movement has been reported for some procedures, but not the direct anterior approach (DAA). The purpose
of this study was to investigate intraoperative pelvic tilt changes that occurs during DAA.

Methods: In this single-center, retrospective study, we reviewed 200 hips that underwent primary THA via DAA in
the supine position using an accelerometer-based navigation system. Intraoperative changes in pelvic tilt and axial
rotation from the start of surgery to cup placement were assessed using the navigation system. Preoperative clinical
factors that increased pelvic tilt and axial rotation toward the surgical side by > 10° were analyzed via univariate
and multiple logistic regression analyses.

Results: The mean pelvic tilt value increased by 7.6°+ 3.8° (95% confidence interval [Cl], 7.1-8.2; range, — 5.0-19.0)
intraoperatively, and the axial rotation increased by 3.2°+2.7° (95% Cl, 2.7-3.7; range, — 13.0-12.0). Univariate
analysis revealed that the group with increased pelvic tilt showed significantly greater range of abduction and
internal rotation, and significantly lower BMI than the group with no increased tilt. Pre-incisional pelvic tilt was
significantly greater in the group with increased axial rotation than in the group with no increased rotation. On
logistic regression analysis, BMI (odds ratio [OR], 0.889; 95% Cl, 0.809-0.977; p =0.014) and the range of internal
rotation (OR, 1.310; 95% Cl, 1.002-1.061; p = 0.038) were predictors of large increases in pelvic tilt. No predictors of
large increases in axial rotation were identified.

Conclusion: Significant forward pelvic tilt was observed in patients with a low BMI values and high ranges of
internal rotation via THA using the DAA. Findings indicated that surgeons should pay attention to intraoperative
pelvic movements, which may help identify patients with significant pelvic tilt changes.
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Introduction

Accurate cup positioning is important for achieving hip sta-
bility and good long-term outcomes in patients undergoing
total hip arthroplasty (THA) [1, 2]. The position of the cup
affects joint stability, polyethylene wear, ceramic damage,
and risk of metallosis [3—-5]. The concept of a “safe zone”
for cup placement was reported by Lewnik in 1978 [6]. In
recent years, some authors have reported that the ideal safe
zone is narrower than that which has been traditionally
reported [7, 8]. In addition, the range of anteversion is
smaller than the range of inclination [9].

The direct anterior approach (DAA) is an intramuscu-
lar approach applied while the patient is positioned in
the supine position. Advantages of DAA are as follows:
minimal soft tissue damage and rapid postoperative
recovery [10-12]. Cup positioning outside the safe zone
may occur during THA via the DAA when the freehand
technique without a navigation system is used [13].
Some reports show that cup anteversion is larger after
using the DAA compared with the posterior approach
[14, 15]. Pelvic movement during cup implantation is a
major factor affecting cup positioning [16, 17]. The use
of navigation systems for positioning of cups improves
the accuracy of placement, reduces rates of dislocation,
and minimizes the occurrence of aseptic revision of the
acetabular component. Nevertheless, the proportion of
THA procedures that use navigation is small, and the
conventional procedure without navigation remains the
gold standard [18]. Surgeons who perform conventional
THA need to understand the significance of pelvic
movements intraoperatively. It has been reported that in
the supine position, pelvic tilt changes are associated
with the patient’s body mass index (BMI) when using
both lateral and anterolateral approaches [19, 20]. Inter-
estingly, the relationship between BMI and pelvic tilt
change of each approach differ. However, the associa-
tions between the DAA and BMI have not been
reported.

HipAlign (OrthoAlign Inc, Aliso, U.S.A) is an
accelerometer-based, portable navigation system that is
used for intraoperative pelvic tracking. The system dis-
plays the cup angle throughout THA in the supine pos-
ition, and its use facilitates accurate cup placement [21].
On its display, the system indicates intraoperative pelvic
motion in both sagittal and axial planes.

We hypothesized that the cup has a large anteversion
angle that causes the pelvis to tilt forward (or lean)
toward the operation side and that the functional pelvic
plane at the start of surgery differs from the table plane
during cup insertion. Thus, this study aimed to investi-
gate intraoperative pelvic movements in THA via the
DAA using an accelerometer-based navigation system to
determine clinical factors associated with movement that
results in abnormal cup positioning.
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Materials and methods

Patients

The institutional review board approved this single-
center, retrospective study. All study participants pro-
vided written informed consent. Primary THA for osteo-
arthritis was performed using the DAA on 256
consecutive hips of 235 patients from November 2017 to
November 2019. Cementless or hybrid primary THA
using the HipAlign portable navigation system was per-
formed on 218 hips of 200 patients. Two hips with a his-
tory of osteotomy, 14 with simultaneous bilateral
surgery, and 2 with data loss were excluded from the
study; thus, we analyzed 200 hips of 189 patients. No
patients experienced the loosening of pins that secured
the HipAlign unit to the ilium.

Surgical procedures

All surgeries were performed under general anesthesia,
and the range of motion (ROM) of the hip in the supine
position was measured before surgery. All THAs were
performed via the same procedure by three surgeons
using the DAA with the patient in the supine position
on a standard operating table. HipAlign was used in
accordance with a procedure previously described [21].
The main unit was placed on the iliac crest on the af-
fected side, and registration was performed before the
first skin incision. Two 4.0-mm fixation pins were
inserted into the iliac crest on the affected side to fix the
navigation unit. The direction of gravitational acceler-
ation was then registered. The anterior superior iliac
spine (ASIS) and pubic tubercle were registered as land-
marks by placing the pointer on the overlying skin.
Then, the sensor was attached to the main unit. Pelvic
tilt and axial rotation with reference to the functional
pelvic plane were displayed on the screen of main unit
(Fig. 1). A 7-cm skin incision was made to enter the
intermuscular plane between the tensor fasciae latae and
sartorius muscles. Labrum resection, acetabular reaming,
and cup placement were performed while preserving the
lower portion of the anterior and posterior capsules with
three acetabular retractors. The anterior and anterior-
inferior retractors were pulled and held using Magic
Tower (Zimmer Biomet Holdings. IN, USA), and the
posterior retractor was pulled using a 1.35-kg weight
(DepuySynthes, Warsaw, IN, USA) (Fig. 2). The capsule
in the inferior band of the iliofemoral ligament was in-
cised. The superior band of the iliofemoral ligament,
ischiofemoral ligament, and the conjoined external rota-
tor tendon were preserved.

The cup was placed after determining the target angle,
which was displayed on the screen of the navigation sys-
tem. While looking at the display screen, the operator
impacted the cup inserter with the hammer and placed
the cup (Figs. 1, 3). The target angle of cup orientation
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Fig. 1 On the screen of the main unit, inclination and anteversion are displayed in radiographic values during cup insertion and after cup
placement. Pelvic tilt and rotation are displayed at any given point in time
A\

was 40° inclination and 15° anteversion, which were
based on radiographic definition. The following acetabu-
lar components and liners were used: G7 acetabular cup,
and E1 or Biolox Delta ceramic liners (Zimmer Biomet
Inc., Warsaw, IN, USA). The following femoral compo-
nents were used: Taperloc Complete Microplasty, or
CMK (Charnley Modified Kerboul) Original Concept
stem (Zimmer Biomet Inc., Warsaw, IN, USA).

Measurements

Pelvic angles were measured using the HipAlign system
during navigation system registration at the time of cup
placement to the acetabulum using the impactor, prior
to removing the cup from the impactor. The angle of
the sagittal plane against the horizontal plane was de-
fined as the pelvic tilt. Forward tilt was positive, and
posterior tilt was negative. The angle on the coronal
plane was defined as axial rotation. The lean toward the

surgical side was positive, and the rise was negative
(Fig. 4). We measured changes in pelvic tilt and axial ro-
tation from registration to cup placement. ROM was
measured using a goniometer by two orthoepic surgeons
(T.O and M.O). One person steadied the patient and the
other stood on the evaluation side to measure relevant
angles, which were recorded in degrees. For flexion mea-
surements, only the leg to be measured was placed in
maximum flexion. The evaluator placed one side of the
goniometer horizontally on the surgical table and the
other side parallel to the proximal thigh. Abduction and
adduction were set to their maximum angles. The evalu-
ator placed one side of the goniometer on the ASIS and
measured the other side parallel to the thigh. For in-
ternal and external rotation, the patient’s hip was flexed
90°. When the angle of flexion was less than 90°, the pa-
tient was placed in maximum flexion. The angle between
the lower leg axis and the body axis around the knee
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Fig. 2 (a) HipAlign (OrthoAlign Inc,, Aliso, US.A) is placed on the iliac wing on the surgical side. In the picture, the sensor is attached to the unit.
b, ¢ The anterior retractor and distal retractor are held by a retractor holding device (Magic Tower, Zimmer-Biomet). d The posterior retractor is
pulled using a 1.35 kg weight (DepuySynthes)

\

Fig. 3 The sensor is fitted on the cup insertion handle. Inclination and anteversion are displayed in radiographic values on the screen of the main
unit in real time
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Fig. 4 a Pelvic tilt is measured as the anterior tilt angle of the anterior pelvic plane in the sagittal plane toward the surgical table (q, a). Pelvic tilt
change is calculated by subtracting a from . Anterior tilt is given a positive value, and posterior tilt is negative. b Axial rotation is the lean of the
anterior pelvic plane in the axal plane toward surgical side (3, #). Lean toward the surgical side is given a positive value, and rise is negative. The

calculated by subtracting 3 from @'

difference in pelvic tilt toward the surgical side from registration to cup implantation is defined as change in axial rotation. The angle is

was measured. Extension was not measured, as the
patient was under anesthesia in the supine position.

Two cohorts with pelvic movements were compared;
those who presented with 210° change in pelvic tilt and
axial rotation were placed into the increased tilt group,
while those who presented with < 10° pelvic tilt and axial
rotation were placed into the minor tilt group. The
inclination or anteversion of the historical Lewnick’s safe
zone of the cup was in the range of +10° [6]. In addition,
it was assumed that the pelvis would tilt forward because
cup anteversion was larger in the group using the DAA
[14, 15]. Therefore, a 10° increase was used as the refer-
ence. Explanatory variables were sex, age, BMI, Kellgren-
Lawrence (KL) grade, Crowe’s classification, pelvic tilt
before incision and preoperative ROM, flexion, abduc-
tion, adduction, external rotation and internal rotation,
which surgeons assessed in the operating room.

Statistical analysis

Changes in pelvic position were compared using a paired
t-test. Univariate analyses of groups were estimated
using the Fisher’s exact test or the Mann-Whitney U-
test, since continuous variables were not normally dis-
tributed. Multivariate logistic regression analyses were
performed to estimate risk of increased pelvic tilt and

axial rotation. All variables in which P<0.1 in the
univariate analysis were considered independent
variables. P-values less than 0.05 were considered statis-
tically significant. All statistical analyses were performed
using SPSS Ver. 26 (IBM Corp. Armonk, NY, USA) or
EZR (Saitama Medical Center, Jichi Medical University,
Saitama, Japan).

Results
The study included 164 women and 36 men. The aver-
age age of study participants was 69.0 + 9.6 years (range,
40-90 years). The average height of participants was
153.0+ 8.9 cm (range, 134—180 cm), the average weight
was 56.2 £+ 12.0kg (range, 35.8-94.6 kg), and the mean
BMI was 24.1+39kg/m*> (range, 17.3-37.7 kg/m?).
Based on Crowe’s classification, 193 hips were grade I, 6
were grade II, 1 was grade III, and no hips were grade
IV. Based on the KL grading scale, 4 hips were grade 2,
45 were grade 3, and 151 were grade 4 (Table 1).
Intraoperative pelvic tilt increased by 7.6° + 3.8° (95%
CI, 7.1-8.2; range, -5.0-19.0), while axial rotation
increased by 3.2°+2.7° (95% CI, 2.7-3.7; range, — 13.0-
12.0) (Table 2). Univariate analyses revealed that in
female patients, the preoperative range of abduction and
internal rotation were significantly greater than those in
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Table 1 Patient demographics

Sex (female/male) 164/36

Age (years) 69.0 + 9.6 (40-90)
Height (cm) 153.0+ 89 (134-180)
Weight (kg) 562 +12.0 (35.8-94.6)
BMI (kg/m?) 241439 (17.3-37.7)
K-L grade (1/2/3/4) 0/4/45/151

Crowe’'s classification (I/11/111/1V) 193/6/1/0

Values are provided as means =+ standard deviation (range from minimum
to maximum)
BMI body mass index, K-L grade Kellgren-Lawrence grade

male patients, and BMI was significantly lower in
patients with a large increase in pelvic tilt than in
patients with no pelvic tilt increase (Table 3). Pelvic tilt
at the beginning of the surgery was significantly
increased in patients with large increases in pelvic axial
rotation angle (Table 4). Other variables assessed did
not significantly differ. Logistic regression analyses
revealed that, BMI (OR, 0.889; 95% CI, 0.809-0.977; p =
0.014) and range of internal rotation (OR, 1.310; 95% ClI,
1.002-1.061; p=0.038) were predictors of a large
increase in pelvic tilt. Logistic regression analysis indi-
cated that pelvic tilt at the start of surgery was not a pre-
dictor of a large increase in axial rotation (Table 5).

Discussion
This study investigated intraoperative pelvic tilt during
THA via the DAA when the procedure was performed
using an accelerometer-based navigation system. Our re-
sults showed that the pelvis tilted forward in the sagittal
plane and leaned toward the surgical side in the axial
plane. Low BMI and an increased range of internal rota-
tion could indicate a > 10° increase in pelvic tilt. In con-
trast, there factor significantly predicted axial rotation.
Several studies reported that intraoperative pelvic
movement occurs in the supine position during THA
and that movement is associated with patient BMIL In
the supine position, the relationship between BMI and
pelvic motion associated with various approaches differ.
Brodt et al. demonstrated that when the lateral approach
was used, the pelvis tilted —4.4° in the axial plane intra-
operatively. Patients with a high BMI leaned more
toward the opposite side than patients with lower BMI
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values. In contrast, there was no significant change
observed in the sagittal plane [19]. Kamenaga et al. dem-
onstrated that when the anterolateral supine approach
(ALS) was used, the average forward change in pelvic tilt
measured using HipAlign was 2.7°, and the average tilt
toward the surgical side in axial rotation was 1.2°. The
change in absolute axial rotation was significantly nega-
tively correlated with BMI. The change in sagittal pelvic
tilt was not associated with BMI [20].

To the best of our knowledge, this is the first study to
review the association between pelvic movement and
BMI when the DAA is applied. It is also the first to
evaluate associations between clinical factors such as
stage of osteoarthritis, ROM, and outcomes of the vari-
ous surgical approaches in the supine position. Changes
in axial rotation were the opposite when the anterior
approach, including DAA and ALS, were used versus the
lateral approach. Brodt et al. reported that in the lateral
approach a strong upward traction was required to
provide the surgeon with sufficient visualization [19]. In
contrast, the anterior approach may have been strongly
influenced by posterior strength retractors in patients
with low BMI values. In this study, a low BMI was a pre-
dictor of increased pelvic tilt. The anterior distal
retractor pulled strongly in order to not avoid interfering
with soft tissues throughout cup implantation. At that
time, the retractor was pressed downward from the front
of the thigh (Fig. 1). As a result, it was inferred that a
force was applied to the distal pelvis and the pelvis tilted
forward. A Finite Element Method study of effects of
mattresses indicated that when lying on a mattress in su-
pine position, a thin person will sink deeper into mat-
tresses than an obese person when the same force is
applied [22]. Patients with a low BMI values are ex-
pected to move more on the surgical table when surgical
procedures are performed, and the pelvis should tilt in a
more anterior direction. Large internal rotation was a
predictor of increasing pelvic tilt. Spinal flexibility in the
sagittal plane was positively correlated with internal ro-
tation ROM [23]. Large tilt angles tended to result in
varied pelvic positioning. The ischial femoral ligament
provided internal rotational stability [24], and external
rotation that antagonized internal rotation was
performed by external rotator muscles. The posterior
capsule and short rotator were preserved in THA via

Table 2 Pelvic movements (changes in pelvic tilt and axial rotation) from the start of surgery to cup placement

At start of surgery At cup placement Mean of difference SD of 95% Cl of P

(Min, Max) (Min, Max) (Min, Max) difference difference ;/alue
Pelvic tilt (°) -74 (-390, 7.0 0.2 (=330, 16.0) 76 (=50, 19.0) 38 7.1-82 <0.001
Axial rotation (°) 0.8 (=100, 7.0) 4.0 (=90, 120 3.2 (=13.0,120) 3.7 2.7-37 <0.001

SD standard deviation, C/ confidence interval
@ Mann-Whitney U test
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Table 3 Univariate analysis between increasing group and non-increasing group in change of pelvic tilt

Increasing group Non-increasing group P
(51 hips) (149 hips) value
Sex (female/male) 48/3 116/33 0.010°
Age (years) 688+87 676+10.0 0.687°
BMI (kg/m?) 233+41 251+37 0.001°
K-L grade (1/2/3/4) 0/1/14/36 0/3/31/115 0.248°
Crowe’'s classification (I/1I/11I/IV) 0/48/2/1 0/145/4/0 0.193%
Pelvic tilt at the start of surgery (°) —-65+59 -78+66 0.167°
ROM ()
Flexion 1119+148 1084175 0315°
Abduction 3574157 31.0+10.1 0.044°
Adduction 185+6.7 171+63 0.188"
External rotation 435+102 413+113 0399°
Internal rotation 332+138 256+ 135 0.001°

BMI body mass index, K-L grade Kellgren-Lawrence grade, ROM range of motion
2 Fisher's exact test. ® Mann-Whitney U test

DAA using a procedure that was based on a previous
study [12]. In hip joints with small ROM of internal
rotation, contracture of the posterior soft tissue may
have suppressed the dorsal shift of the acetabula relative
to the position of the femur. In cases where the range of
internal rotation was large, the shift may not have sup-
pressed movement, and the change of pelvic tilt tended
to be large. BMI was not a predictor of unexpectedly in-
creased axial rotation. In ALS, which is an anterior
approach similar to DAA, a correlation between BMI
and the absolute value of axial rotation was observed by
Kamenaga et al. [20]. They described that the effect of
traction may be large in patients with low BMI values.
However, they reported that there was no correlation

between real axial rotation values and BMI. The forces
of the anterior and posterior retractors may offset each
other, and one may not consistently dominate the other.
Further research evaluating body pressure distribution
and cadaver studies that measure the position of the
femur and pelvis will be needed to elucidate mechanical
mechanisms of the phenomenon.

Movement of the pelvis affects cup placement [16]. It
has been reported that the DAA is associated a larger
cup anteversion compared with the posterior approach
[14, 15]. Forward tilting of the pelvis and deviation to
the surgical side could cause increased anteversion
because insertion of the cup against the surgical table
may widen the target angle to a degree larger than that

Table 4 Univariate analysis between increasing group and non-increasing group in change of axial rotation

Increasing group Non-increasing group P
(11 hips) (189 hips) value
Sex (female/male) 9/2 155/34 1.000°
Age (years) 680+ 104 679+9.7 0.942°
BMI (kg/m?) 230+46 247+38 0.139°
K-L grade (1/2/3/4) 11/0/0/0 182/6/1/0 0.788°
Crowe’s classification (I/1I/11I/IV) 0/0/3/8 0/4/42/143 1.000°
Pelvic tilt at the start of surgery (°) —-55+11.7 -75+60 0021
ROM ()
Flexion 1059+223 1095+ 166 0.806°
Abduction 341+£139 321+£11.8 0.289°
Adduction 191 £11.1 174+61 0654°
External rotation 395+13.1 420+109 0579°
Internal rotation 2731214 276+135 0.771°

BMI body mass index, K-L grade Kellgren-Lawrence grade, ROM range of motion
2 Fisher's exact test. ® Mann-Whitney U test,,
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Table 5 Logistic regression for pelvic movements (enlargement in pelvic tilt and axial rotation)

Objective variable Explanatory variable Odds ratio 95% Cl P value Nagelkerke R?
for odds ratio

Enlargement in pelvic tilt (constant) 0.628 0.745 0.150
female 2635 0.734-9.460 0.137
BMI 0.889 0.809-0.977 0.014
abduction 1.015 0.982-1.050 0.365
internal rotation 1.031 1.002-1.061 0.038

Enlargement in axial rotation (constant) 0.082 0.015
pelvic tilt at the start of surgery 1.054 0.952-1.167 0.311

Cl confidence interval, BMI body mass index

of the functional pelvic plane. When pelvic tilt increased
by 7.6° and the cup was inserted using a mechanical
guide with a radiographic inclination of 40° and antever-
sion of 15° anteversion of the placed cup was approxi-
mately 5.7° larger than the target angle (calculated using
Murry’s definition) [22]. If deviation in the axial plane
increased, anteversion was further increased. The angle
deviated significantly from the narrow safe zone that has
been proposed in recent years, which specifies a range of
+5° [7, 8]. High cup anteversion caused anterior disloca-
tion [9], which lead to concerns of anterior instability of
the hip joint. To position the cup accurately, a device
that tracked pelvic movements was useful [21]. However,
many THAs are not computer-assisted [18].

This study had several limitations. First, it was a
single-center study, and its results may not be
generalizable. Results may have varied if the assistant
used a retractor. However, in this study, retractors were
fixed with retractor holding devices and weights. Second,
ROM was manually measured under anesthesia, and did
not truly represent the angle formed by the pelvis and
the femur. The angle measured under anesthesia could
have been exaggerated due to movement of the pelvis
during measurement. Furthermore, low BMI values may
have influenced degree of error associated with ROM
measurement. Internal rotation angle remains a pre-
dictor of pelvic movement. Third, pelvic tilt with all
retractors removed was not measured. It was also not
confirmed whether pelvic movement and cup malposi-
tion were suppressed by removing all retractors and
installing a cup. In addition, the threshold of a large
increase of 10° might not have been appropriate. How-
ever, as the safe zone is controversial, clinically meaning-
ful pelvic movement has not been determined. When
anteversion based on an operative definition increased
by 10°, anteversion based on a radiographic definition
increased by 7.5°. We believe this discrepancy is a matter
of concern. Finally, this cohort had low BMI values. The
subjects in this cohort were all Japanese. In Japan, many
individuals have a low BMI values. A cohort that has
many obese patients may have experienced different

outcomes. Future studies should aim to verify that pa-
tients with low BMI values and a large range of internal
rotation have large cup anteversion values when a navi-
gation system is not used.

Conclusion

This study characterized pelvic forward tilt and axial
rotation during THA via the DAA. Predictors of pelvic
forward tilt were low BMI and high internal rotation
range. The surgeon should pay attention to pelvic tilt
changes when inserting the cup when no device, such as
a navigation system, is used to track pelvic movements.
This study has the potential to help surgeons identify
patients at increased risk of intraoperative pelvic tilt
change.
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