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ABSTRACT

Background: Existing imaging techniques and single-parameter analyses, in nonfunctional positions, fail to detect the differences between patients
with good vs poor results after total hip arthroplasty. Methods: The present study developed an analysis method using the EOS full-body, low-dose,
biplanar, weightbearing imaging system to compare good vs poor patients after total hip arthroplasty and to report on our preliminary

experiences (17 good, 18 poor).

Results: All revision cases were found to have at least 4 high or low implant or anatomic parameters relative to the good group. These included acetabular
cup orientation, sagittal pelvic tilt, sacral slope, femoral offset, and neck—shaft angle. Acetabular cup orientation differed significantly between groups.
Conclusion: With the EOS system, a large cohort can be studied relatively quickly and at low dose, which could lead to patient-specific guidelines.
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Total hip arthroplasty (THA) is one of the most common and
successful orthopedic surgeries, with the dual goals of reducing
pain and improving function. However, many patients experience
postoperative issues, including hip dislocation, leg length discrep-
ancy, pain, and muscle weakness. It is unclear which factors
differentiate patients who do well and those who do poorly after
surgery. Given the large and increasing number of hip arthro-
plasties performed each year and the fact that revision surgeries are
more expensive [1], result in lower quality of life [2] and have a
higher rate of re-revision [3] compared to primary THA, it is
important to understand the cause of these mechanical complica-
tions and the origin of hip dysfunction. In particular, it is necessary
to understand the differences between patients with good vs poor
results after surgery.
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Component placement, including acetabular cup orientation
and depth, and the individual's functional posture, play key roles
[4,5]. The challenge is how to measure these. Anteroposterior
(AP) X-rays are the current standard for postoperative evalua-
tion, but are inadequate for many clinical measures, including
acetabular cup version and pelvic tilt, which require a sagittal
view in addition to the AP or frontal view [6]. Furthermore,
2-dimensional measures from AP projection views vary with
out-of-plane rotations, including pelvis rotation (whereby 1° of
pelvic rotation causes 0.8° change in the measurement of
acetabular version [7,8]), as well as femoral rotation or torsion,
and flexion or hyper-extension of the femur [9,10]. Note that a
large range of pelvic rotations may occur during acquisition [11].
Clinical complications are often investigated with computed to-
mography (CT) imaging, but this is acquired in the supine posi-
tion, which does not provide a realistic evaluation of the articular
compensation mechanisms during weightbearing. In addition,
the resulting radiation dose does not allow CT scanning to be a
routine method of review [12,13]. The EOS system acquires
simultaneous, perpendicular AP and lateral views while
providing a global view of the patient in a functional standing
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Table 1
Reasons for Poor Classification.

Table 2
Subject Details for the Study Groups.

Number of
Subjects

Primary Reason
for Poor Result

Secondary Reasons
for Poor Result

Leg length discrepancy 8
(patient perception)

Hip flexion contracture (3),
lateral pelvic tilt, sitting (2),
pelvic rotation (1), muscle
weakness (1)

Pelvic rotation (1), leg length
discrepancy perception (2)
Lateral pelvic tilt, sitting (2)

Late dislocation 5
(after 12 months)
Hip flexion contracture 2

High metal ion count 2 Impingement (1), pelvic rotation (1)
-+ subluxation
Impingement 1 Leg length discrepancy

perception (1)

or sitting position. This low-dose imaging system then creates
a three-dimensional (3D) reconstruction for parameter
calculation.

Low-dose, functional imaging with generated 3D models
permits a new way to explore and investigate poor functional
and clinical results after THA, individually and as a group, and is
becoming increasingly common [14]. It is currently used
routinely in over 150 medical centers worldwide, with costs
lower than CT. EOS imaging results in 4-30 times lower radiation
dose compared to CT [15] and 6-9 times lower radiation dose
than computed radiography [12] with exact values depending on
the imaging parameters, as well as the patient and area being
scanned.

30 model

Postero-anterior

© Patient plane Display typ
Radio plane [surface

Subject Details Good Results Poor Results P Value,
(n=17), (n =18), Good vs Poor
Mean/Range/SD Mean/Range/SD

Male/female SF9M 15F3 M .005

Age at review (y) 67.6/48-77/8.4 65.8/35-83/11.9 .89

BMI (kg/m?) 26.8/24-30/1.8 27.8/24-31/2.3 37

Harris Hip Score 91.4/80-96/5.6 81.2/65-93/8.1 .001

Bolded P-values are statistically significant.
BM]I, body mass index; F, female; M, male; SD, standard deviation.

The purpose of this retrospective study was to develop a method
to compare patients with good versus poor results after THA and to
report our preliminary experiences in using this technique to
compare the groups.

Material and Methods
Subject and Implant Details

A total of 35 patients were studied: 17 with good results after
THA (group G), 18 with poor results (group P). The patients were
operated on or referred for follow-up to a single expert surgeon,
between 2001 and 2011, with a minimum follow-up of at least 2
years. Good results were defined by a Harris Hip Score (HHS) >80
together with the surgeon's evaluation that the patient was satis-
fied with the surgery, without hip pain, with a good functional
result, and without confounding issues such as total knee
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Fig. 1. Frontal and lateral biplanar X-rays of the same patient in the standing position (left and right) and after skeletal reconstruction (middle).



Lateral pelvic tilt: 7 mm

Lateral pelvic tilt: 9 mm

Fig. 3. (A) Acetabular cup inclination, (B) acetabular cup anteversion, and (c) tilt of the anterior pelvic plane (APP). Tilt of the APP does not affect inclination and version relative to
the APP, but does change the functional inclination and version relative to the horizontal and vertical.



Table 3
Acetabular Parameters for Good and Poor Groups.

Acetabular Orientation Parameters Good Results After THA, Poor Results After THA, P Value, P Value, Standing
Mean/Range/SD Mean/Range/SD Good vs Poor, vs Sitting,
X . " . St/Si Good/Poor
Standing Sitting Standing Sitting
Acetabular inclination relative 37.9/26-57/9 48.8/78-31/11 44.0/28-67/10 53.6 (76-28) 11/.15 .002/.009
to patient transverse plane (°)
Acetabular version relative 40.0/21-52/9 46.3/56-39/5 31.8/2-56/12 43.2 (58-30) 02/.17 .01/.002
to patient coronal plane (°)
Acetabular inclination relative to APP (°) 38.6/29-51/7 44.7/28-64/9 .07 —
Acetabular version relative to APP (°) 37.1/11-53/9 33.2/8-48/11 .18 —

Bolded P-values are statistically significant.
APP, anterior pelvic plane; SD, standard deviation; THA, total hip arthroplasty.

arthroplasty or pain at another joint. Poor results were defined by
HHS <80 or a patient presenting with postoperative pain or hip-
related dissatisfaction, which included (primary + secondary rea-
sons): leg length discrepancy perception (8 -+ 3), late dislocation (5
+ 0), hip flexion contracture (2 + 3), high metal ion counts with
subluxation (2 + 0), impingement (1 + 1), lateral pelvic tilt when
sitting (0 + 4), pelvic rotation (0 + 2), or muscle weakness (0 + 1)
(Table 1). No polyethylene wear was evident from the images in this
study, and no osteolysis or abnormal centering of the femoral head
inside the cup was seen. The poor subjects were chosen first, ac-
cording to the listed criteria, after which a comparably sized cohort
of good patients was chosen from a similar period. Our intention
was to focus on the methodology for comparing groups, rather than
on the individuals chosen to belong to each group. These 2 groups
represent the 2 main categories of postoperative patient for the
surgeon: (1) a good-results group that requires no further follow-
up and (2) a poor-results group that needs further investigation
to determine whether intervention, possibly revision surgery, is
required. Some of the group G patients had isolated functional is-
sues (such as leg length discrepancy or hip flexion contracture), but
reported satisfaction and lack of pain. Group P patients had various
issues, as listed previously, resulting in dissatisfaction and, in
several cases, pain; they were chosen because they had defined
functional (mechanical) deficits, rather than biological issues such
as infection. Leg length discrepancy ranged from 8-13 mm, aver-
aging 11 mm. In most cases, the dissatisfaction or pain occurred
during follow-up rather than immediately after the surgery. None
of the dislocations occurred immediately after the surgery.

Group G had a mean age of 68 years (standard deviation [SD], 8);
8 female, 9 male; mean body mass index (BMI) of 27 kg/m? (SD,
1.8); 9 right/6 left/2 bilateral THA; and a mean HHS of 91 (SD, 6;
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Fig. 4. Percentage of acetabular cup angles more than 1 SD outside the overall good-
results mean, for the good-results and poor-results groups, for cup inclination relative
to the horizontal and relative to the perpendicular to the anterior pelvic plane, as well
as cup version relative to the vertical and APP. SD, standard deviation.

Table 2); all had an anterior surgical approach (8 direct anterior
approach and 9 anterolateral approach). Group P had a mean age of
66 years (SD, 12); mean BMI of 28 kg/m? (SD, 2.3); 15 female, 3
male; 8R/6L/4B; and mean HHS of 81 (SD, 8; Table 2). Including the
bilaterals, 9 had an anterior surgical approach (5 direct anterior
approach and 4 anterolateral approach), 7 had a posterior, and 4
had a lateral transgluteal approach, with the posterior and trans-
gluteal approaches coming from referred patients. Prosthesis ma-
terials for group G (including the bilaterals) were 14
ceramic—ceramic THA, 3 metal-metal pairings, and 2 metal-
polyethylene pairings. For group P, these ratios were 8:7:7
(including the 4 bilaterals). Although the groups were not homo-
geneous with respect to the implants and approaches, the purpose
of the present study was to present an analysis method rather than
to generate conclusions regarding the particular implant type or
surgical approach.

Image Acquisition and Parameters Studied

All subjects were imaged after THA in the standing position
using the EOS system (Fig. 1) and all but 2 were also imaged in the
sitting position.

Once the two 2D (AP and lateral) views were acquired, a 3D
parameterized model was created. Clinical parameters were then
derived from the 3D model. For the acetabular component, an el-
lipse was fit to the 2 views simultaneously, defining the cup incli-
nation and version [16] (Fig. 2).

Acetabular cup orientation was the primary variable studied as
many studies have shown links to the clinical outcome [17]. The
orientation was measured both relative to the functional planes,
that is, relative to the patient's (horizontal) transverse plane and
(vertical) coronal plane, and relative to the commonly used anterior
pelvic plane (APP or “Lewinnek plane”), whereby the APP is defined
by the 2 anterior superior iliac spines and the 2 pubic tubercles [ 18]
(Fig. 3). Two measurements of inclination and version were made
for all subjects, for both the standing and sitting positions, and then
averaged, for greater robustness.

Several pelvic parameters were studied because pelvic orien-
tation has a direct impact on the functional acetabular orientation
[19]. These included (see [20] for diagrams of parameters studied):
sagittal pelvic tilt, sacral slope, pelvic incidence, axial pelvic rota-
tion, APP relative to the vertical, and right/left height difference as
measured by the proximodistal distance between the most prox-
imal point on the acetabular cup and the most proximal point on
the contralateral femoral head. Repeatability of the pelvic param-
eters was confirmed with 2 observers repeating the measurements
3 times on 3 subjects, in standing and sitting, showing an average
difference lower than 3°.

The following femoral parameters were studied, as they have
been shown to impact clinical outcome [20-23]: femoral offset



Table 4
Pelvic Parameters for Good vs Poor Groups.

Pelvic Parameter Good Results After THA, Mean/Range/SD Poor Results after THA, Mean/Range/SD P Value, Good P Value,

" . X . vs Poor, Stand vs Sit,

Standing Sitting Standing Sitting st/si Good/Poor

Pelvic tilt in the sagittal plane (PT-s) (°) 17.8/4-30/7 35.5/7 16.1/0-44/12 38.0/59-22/11 0.70/0.40 <.001/<.001
Sacral slope (SS) () 34.8/14-54/12 20.4/2-36/11 34.6/16-51/8 19.0/3-50/13 0.87/0.67 <.001/<.001
Pelvic incidence (PI) (°) 52.6/31-74/15 55.8/32-72/12 50.7/37-86/12 55.8/35-85 0.87/0.97 64/37
Pelvic rotation in the horizontal plane (PR) (°) —0.5/-9to 17/6 —2.3/-9to 6/5 0.4/-8 to 24/8 —29/-9to2/3 0.59/0.55 37/.11
Inclination of anterior pelvic plane (APP) (°) —-29/-17t031/11 —19.7/-35to —4/9 1.6/-19to 26/11 —16.5/-35to 4/11  0.39/0.75 <.001/<.001
Leg length discrepancy (LLD)* (mm) 8.0/1-18/6 6.3/2-12/3 7.7/1-18/5 5.9/0.2-19/5 0.69/0.96 .31/.65

Bolded P-values are statistically significant.
SD, standard deviation; THA, total hip arthroplasty.

@ Based on proximodistal distance between the most proximal point on the acetabular cup and the most proximal point on the contralateral femoral head.

(which can affect muscle weakness or leg length); femoral torsion
for the nonoperated side and stem torsion for the operated side
(which can affect the combined anteversion); neck length and
neck—shaft angle (which can be altered by the surgeon, affecting
femoral offset and leg length); and femoral head diameter of the
contralateral hip (indicative of the size of the operated hip).
Femoral and acetabular parameter repeatability has been validated
previously [24,25].

To judge the homogeneity of the 2 groups, subject details (age,
BMI, and HSS) were compared using a Student's t test, and the male
or female proportions compared using a chi-square test, with P <
.05 defined as significant.

Good vs poor results were compared using a Student's t test,
with statistically significant results defined as those with P < .05.
Although this may overpredict significant differences due to the
multiple comparisons, the purpose of this pilot study was to
identify hypotheses for further study and to provide an initial
database of normative values. High/low values were highlighted for
those individuals with parameter values more than one standard
deviation from the mean of the good-results group. The number of
these high/low values was accumulated to judge whether those
with poor results had more values outside +1SD than those with
good results. In addition, the proportion of patients with acetabular
orientation values outside +1SD in the poor vs good groups was
compared using a chi-square test. Finally, parameter values were
compared between standing and sitting using a Student's t test.

Results

Age and BMI were not significantly different between the 2
groups (Table 2). The HHS was significantly higher in group G vs P
(averaging 91 and 81, respectively; P =.001), as expected due to the
group definitions. The proportion of females (15 of 18) in group P
was significantly higher than that in group G, which was roughly
equally distributed between females and males (8 of 17; Table 2).

Table 5
Femoral Parameters for Good vs Poor Results.
Femoral Parameter Good Results After Poor Results After P
THA, Mean/Range/SD THA, Mean/Range/SD Value,
Good
vs Poor
Femoral offset (mm) 47.8/32-88/13 43.7/32-89/11 23
Femoral torsion (°) 15.2/-5 to 49/12 14.0/-11 to 36/14 .82
Stem torsion (°) 10.2/-22 to 36/15 10.9/-43 to 60/22 .90
Neck length (mm) 52.0/44-67]7 49.2/24-59/9 19
Neck-shaft angle 127.9/117-143/6 127.7/62-139/13 .68
(CCD) ()
Femoral head 46.1/39-55/4 45.0/40-52/4 37

diameter (mm)

CCD, Caput-collum-diaphyseal angle.

Acetabular cup orientation differed significantly between
groups (Table 3). Acetabular version relative to the coronal (verti-
cal) plane was lower in group P (mean 32°, compared to mean 40°
in group G; P =.02). Furthermore, there was a strong trend toward
acetabular cup inclination relative to the APP being higher in group
P (mean 45°, compared to mean 39° in group G; P =.07), whereby
the proportion of patients with values more than 1 SD higher or
lower than the overall mean in the good-results group was sub-
stantially and significantly greater in group P (67%) compared to
group G (35%; P < .001; Fig. 4). The proportion of patients with
acetabular inclination values relative to the transverse (horizontal)
plane more than 1 SD higher or lower than the overall mean for the
good results group was significantly higher in group P (50%)
compared to group G (35%; P = .03). Likewise, the proportion of
patients with acetabular version values relative to the APP more
than 1 SD higher or lower than the overall good-results mean was
significantly more in group P (50%) compared to group G (18%) (P <
.001) and the acetabular version relative to the vertical with high or
low values was more in group P (50%) compared to group G (29%;
P =.002).

Interestingly, the means of the 2 groups on any of the remaining
individual parameters (pelvic and femoral) were indistinguishable
(P = .2-9), with large variations seen in both groups
(Tables 4 and 5).

Individuals in the poor-results group demonstrated a greater
number of parameters higher or lower than 1 SD from the mean
(3.5 + 1.8, range 0-7) compared to the good-results group (2.3 + 1.8,
range 0-6) in the standing position (P =.04). This difference was not
seen in the sitting position. All patients who subsequently received
revision surgery were found to have at least 4 values outside 1 SD,
in the standing position, including acetabular cup orientation,
sagittal pelvic tilt, sacral slope, femoral offset, and neck—shaft
angle.

Between standing and sitting, sacral slope, sagittal pelvic tilt,
APP inclination, and acetabular cup inclination and version relative
to the patient plane, all differed significantly in both groups (P <
.01), as expected (Table 4).

Discussion

This study investigated patients with good vs poor results after
THA. It is the first to provide acetabular, pelvic, and femoral pa-
rameters for these 2 groups and the first to provide evidence that a
collection of high/low parameters may together contribute to a
poor result.

The results show the importance of acetabular component
placement, in both inclination and version. The results also show
the importance of looking at individuals, not just groups,
comparing their parameter values to normative values, to identify
potential causes for pain and functional issues.
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Fig. 5. Case study 1 with posterior dislocation in the sitting position likely related to the low acetabular anteversion of the cup. The pelvic retroversion from the standing to sitting
position (APP angle changed from —5° in standing to —25° in sitting) induced an increase in cup anteversion relative to the patient plane (10° standing and 31° sitting) but was
nevertheless insufficient in the sitting position based on the femoral stem anteversion (18° relative to the patient plane) compared to the opposite side. The orientations also
induced occasional posterior subluxation when walking with long strides and when climbing stairs.

An accumulation of high or low values may trigger a poor pa-
tient or implant response rather than a single high or low param-
eter. For example, posterior subluxation in one patient was likely
due to the low acetabular cup version (Fig. 5), whereas anterior
subluxation in 2 other patients was likely due to the retroverted

pelvis and low sacral slope angle (Fig. 6), and impingement may be
related to a combination of acetabular positioning, pelvic tilt, and
pelvic axial rotation (Fig. 7).

We recognize the diversity of problems in the “poor” group.
Therefore, the goal of this article was not to provide a prescriptive
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Fig. 6. Case study 2 with anterior sublxuations in the standing position, likely related to a retroverted pelvis (low sacral slope angle of 16°) combined with a high acetabular cup
version angle. Because the cup version relative to the APP is almost within the normal range, the problem likely derives from the unusual pelvis position rather than the surgical cup
positioning; if this were known in advance, the cup positioning could potentially be changed accordingly. The sitting position is acceptable because of the vertical and anteverted

orientation of the cup.

solution to instability. Instead, we have developed a mental and
analytical approach, recognizing that poor results are not due to a
single parameter, but more often to a collection of unusual pa-
rameters. By collecting images preoperatively and postoperatively
with the low-dose EOS system, the collection of parameters can be
studied together, and unusual values identified.

Given the relatively quick measurement of the clinical param-
eters, coupled with the low-dose, weightbearing images obtained
with the EOS system, patients can be routinely scanned before and
after surgery, allowing a continual addition to the normative
database presented here, together with the ability to investigate
postoperative problems [14].
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Fig. 7. In case study 3, the patient reported 2 combined problems: (1) anterior iliopsoas impingement in the standing position, likely related to the low anteversion angle of the cup
and (2) from the standing to sitting position the patient experienced posterior subluxations—the range of pelvic tilt was substantial, from 5° PT and 10° APP angle in the standing
position to 33° PT and —15° APP angle in the sitting position. Nevertheless the cup anteversion was insufficient (30° in the patient plane) to secure the joint in the sitting position
because of the low anteversion of the stem (2° relative to the patient plane).

The lack of statistical significance between the good-results and patients look-bad-feel-good. The fact that there was a significant
poor-results groups on most parameters confirms the common difference in acetabular orientation agrees with the recognized
finding that some patients look-good-feel-bad, whereas some need to improve the accuracy of component placement [4,26].



A hypothesis for future study is whether a higher acetabular cup
inclination may be acceptable in someone with a retroverted
(negative APP) pelvis (and anterior surgical approach) because this
combination occurred in the 3 cases in the good-results group that
had values higher than 1 SD from the mean. Greater numbers of
patients with or without this combination are needed.

Surprisingly, version values farther from the widely quoted “safe
zone” (15° + 10°) [27] were associated with the good-results group.
This also warrants further investigation. The most likely factor is
that the anterior surgical approach used for most of these patients
reduced problems with dislocation [28]. It may also be related to
the particular surgical technique used by the surgeon. Our findings
for desired acetabular cup inclination are closer to the standard safe
zone (40° + 10°) in that 10 of 18 patients with poor results had
inclination values >45°; however, the large range of values in the
poor-results group shows that other factors are also important,
including the patient's functional posture [19,29], and femoral
torsion [30], which in turn affect the functional cup inclination and
version. Previous studies have likewise shown that many pros-
theses do not fall within the safe zone [25,30,31]. Several different
guidelines have been proposed [30,32-34]; however, these typically
depend on CT scans, which have a high dose and are supine. Use of
the EOS system now offers the opportunity to study a larger cohort
of individuals, and to determine which parameters are different
from normal, in the functional position, pointing to possible indi-
vidual causes for pain or functional deficit. The greater proportion
of females in the poor-results group warrants further attention.

This preliminary study had several limitations. The number of
subjects was low; there was a diversity of clinical problems,
implant types, and surgical approaches; the gender mix differed in
the 2 groups; and patients were from a single surgeon. Future
studies should target a specific clinical issue for a large number of
patients from a variety of surgeons. Nevertheless, the potential for
using this imaging modality to identify group differences and in-
dividual issues was demonstrated. Because of the heterogeneity of
the data sets, the implant type, surgical technique, or gender may
have played a role in the differences between patients and groups;
the analysis framework has now been laid to investigate these
questions in a larger data set with more homogeneous or matched
parameters between groups. Another limitation is that the number
and choice of parameters studied will affect the accumulation of
high or low values; a larger study will allow a selection of the most
relevant parameters as well as the possibility for cluster-based
analysis such as neural networks or principal components anal-
ysis. Larger, multisurgeon, multicenter studies are recommended as
use of this imaging modality expands.

Conclusion

In summary, acetabular cup differences do exist between the
good- and poor-results groups. By contrast, most other parameters
overlap considerably between the 2 groups so that ultimately each
patient needs to be studied individually. EOS imaging can be used
on all patients, because of the low dose, to analyze cup position and
other functional and anatomic parameters, both preoperatively and
postoperatively. This will both grow the database of patients with
good results and help to diagnose clinical problems in those with
poor results, by identifying those parameters that are higher or
lower than normal. Importantly, a collection of unusual parameters
appears to contribute to a poor result even when a single parameter
is not indicative of problems on its own. Given the increasing
number of THAs and the technical and economic challenges of
revision surgery, it is critical to identify patients at risk of a poor
outcome and better diagnosis methods after surgery. An analysis of
preoperative and postoperative parameters, correlated with the

clinical results, could lead to patient-specific planning and diag-
nosis guidelines to improve the outcome of both primary and
revision surgery.
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